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The  Mission  ofAGARD 


According  to  its  Charter,  the  mission  of  AGARD  is  to  bring  together  the  leading  personalities  of  the  NATO  nations  in  the  fields 
of  science  and  technology  relating  to  aerospace  for  the  following  purposes; 

—  Recommending  effective  ways  for  the  member  nations  to  use  their  research  and  development  capabilities  for  the 
common  benefit  of  the  NATO  community; 

—  Providing  scientific  and  technical  advice  and  assistance  to  the  Military  Committee  in  the  field  of  aerospace  research  and 
development  (with  particular  regard  to  its  military  application); 

t 

i  —  Continuously  stimulating  advances  in  the  aerospace  sciences  relevant  to  strengthening  the  common  defence  posture; 

I  —  Improving  the  co-operation  among  member  nations  in  aerospace  research  and  development; 

I 

^  —  Exchange  of  scientific  and  technical  information; 

—  Providing  assistance  to  member  nations  for  the  purpose  of  increasing  their  scientific  and  technical  potential; 

I 

—  Rendering  scientific  and  technical  assistance,  as  requested,  to  other  NATO  bodies  and  to  member  nations  in  connection 
l  with  research  and  development  problems  in  the  aerospace  field. 

1  The  highest  authority  within  AGARD  is  the  National  Delegates  Board  consisting  of  officially  appointed  senior  representatives 

from  each  member  nation .  The  mission  of  AGARD  is  carried  out  through  the  Panels  which  are  composed  of  experts  appointed 
by  the  National  Delegates,  the  Consultant  and  E.xchange  Programme  and  the  Aerospace  Applications  Studies  Programme.  The 
results  of  AGARD  work  tre  reported  to  the  member  nations  and  the  NATO  Authorities  through  the  AGARD  series  of 
publications  of  which  this  1 1  one. 

Participation  in  AGARD  activities  i.s  by  invitation  only  and  is  normally  limited  to  citizens  of  the  NATO  nations. 
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Radars  have  been  used  for  target  detection  and  identification  for  many  years.  Their  performance  is  chiefly  limited  by  clutter. 
New  techniques  in  high  resolution  radars,  millimeter  wave  systems,  polarimetric  analysis,  bistatic  radars,  adaptive  filtering  are 
being  developed.  Recent  advances  in  computing  speed  have  enhanced  enormously  the  radars’  capability  in  differentiating 
targets  from  clutter.  But  ultimate  performance  of  these  new  systems  depends  on  more  complex  knowledge  of  clutter  and  target 
scattering. 

Efforts  for  improving  models  and  their  experimental  verification  are  underway  concerning  the  clutter  and  target  characteristics 
and  their  impact  on  radar  systems.  These  issues  were  addressed  during  the  symposium  in  the  following  topics: 

SCATTERING  MODELS  AND  MEASUREMENTS; 

•  Models  for  surface  scattering;  ground  and  sea  clutter. 

•  Models  for  volume  scattering:  atmospheric,  ionospheric,  chaff. 

•  Models  for  target  scattering:  RCS  reduction  or  modification  techniques. 

»  Me'hoils  of  esperimcr.ta!  characic;i^uiiv<ii  of  ciui.i.i  and  targets;  calibration  procedures. 

•  Combmei-l  scattering  and  propagation  effects  on  svstem  performance.  ^ 

SIGN  AL  PROCESSING  AND  TECHNIQUES: 

•  Processing  for  target  to  clutter  enhancement:  coding  and  modulation,  adaptive  beam  forming  and  nulling;  polarimetric 
techniques,  imaging,  interferometric  techniques. 

•  Processing  for  target  identification. 

•  Practical  signal  processing  implementation  techniques.  ^ 
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1  es  systemes  radar  s.int  utilises  pour  la  detection,  la  poursuite  et  I'identification  de  cibics  depuis  longtemps.  l.c  fouillis 
represente  la  principale  limitation  en  ce  qui  concerne  les  performances  de  ces  systemes.  De  nouvelles  techniques  sont  en  cours 
de  developpcment  dans  les  domaines  des  radars  a  haute  resolution,  des  systemes  a  ondes  millimetriques.  de  i  anaivse 
polarimetrique,  des  radars  bistatiques  et  du  filtrage  adaptatif.  La  vitessc  de  calcul  cTevee  de  la  derniere  generation  d'ordinateurs 
a  permis  d'ameiiorer  de  fayon  tres  sensible  la  capacite  de  detection  des  cibles  dans  le  fouillis.  Cependant,  toute  definition  des 
performances  optimales  de  ces  nouveaux  systemes  passe  par  des  connaissances  plus  approfondies  du  fouillis  et  de  la  diffusion 
de  la  cibic. 

Des  efforts  sont  actuellement  consacres  a  I'amelioration  des  modules  du  fouillis  et  descaracteristiques  de  cibles.  ainsi  qu'a  leur 
scrification  experimentale.  en  vue  d'evaluer  les  effets  de  ces  deux  cHements  sur  les  systemes  radar.  Ces  questions  furent 
examinees  au  cours  de  ce  symposium  qui  traita  les  sujets  suivants: 

LA  MESl  RE  ET  LA  MODELISATION  DE  lA  DIFFUSION; 

•  ModcHisation  de  la  diffusion  de  surface:  echos  de  sol  et  de  mer. 

•  Modelisation  de  la  diffusion  de  volume:  fouillis  atmospherique  et  ionospherique;  paillettes. 

•  Modelisation  de  la  diffraction  des  cibles:  techniques  de  reduction  ou  de  modification  de  la  section  equivalente  radar. 

•  MethiKles  expcrimentales  pour  la  caracterisation  du  fouillis  et  dcs  cibles.  prtKedures  d’etalonnage. 

•  Fffets  combines  de  la  diffusion  et  tie  la  propagation  sur  les  performances  des  systemes. 

LE  TRAITEMENT  Dl  SIGNAL  ET  SA  MISE  EN  OEUVRE: 

•  fraitement  du  signal  pour  I'amelioration  de  la  capacite  de  detection  de  la  cible  dans  le  fouillis:  ctxlagc  et  modulation, 
formation  adaptative  des  faisceaux;  techniques  polarimetriques.  imageric.  techniques  d'intc'fi'’'ometrie. 

•  TraitemenI  du  signal  pour  I'identification  des  cibles. 

•  Techniques  de  misc  en  ixiuvre  du  traitement  du  signal. 
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Foreword 


The  recent  conflict  in  the  Gulf  brought  realities  of  a  war  into  living  rooms  of  many  world  citizens.  As  people  took  their  ringside 
seats  daily  tv,  ••iew  the  mtxlem  warfare  on  the  screen  they  could  not  help  but  learn  the  importance  played  by  the  teciinology  in 
this  war.  This  became  quite  clear,  even  in  the  beginning  few  days,  as  the  war  unfolded  before  our  very  eyes. 

The  subject  matter  of  Target  Scattering  and  its  associated  detection  problems  was  proposed  almost  two  years  earlier,  before 
there  was  any  inkling  that  there  would  be  a  war  At  the  time  it  was  only  thought  that  much  scientific  and  technological  progress 
on  this  subject  had  been  made.  It  would  be  timely  to  review  and  report  the  latest  work.  Little  did  we  know  that  there  would  be 
actual  display  of  technological  prowess  for  the  world  to  see.  Instantly,  the  subject  matter  was  made  timely  and  relevant.  Early 
worries  about  travel  restrictions  evaporated  with  the  unexpected  speedy  conclusion  of  the  war.  Accordingly,  the  symposium 
was  well  attended,  better  than  any  in  recent  memory,  and  alt  the  scheduled  papers  were  presented. 

The  symposium  was  organized  into  six  sessions;  two  on  Clutter  Modeling  and  Measurements,  one  on  Target  Scattering,  one  on 
Signal  Processing,  one  on  Polarimetrics,  one  on  Applications,  and  two  on  classified  topics.  Altogether  there  were  fifty-two 
papers.  It  was  indeed  a  very  busy  four-day  meeting. 

We  wish  to  thank  all  members  of  the  Symposium  Technical  Programme  Committee  for  their  help  in  soliciting  papers  and  iti 
organizing  and  arranging  papers  into  coherent  sessions.  There  were  a  lot  of  communications  among  members,  sometimes 
rather  frantic  in  order  to  meet  deadlines.  We  would  not  know  how  these  deadlines  could  be  met  before  the  age  of  fax.  All  the 
authors  should  be  thanked  for  sharing  their  latest  results  with  us.  They  had  set  high  standards  for  others  to  emulate.  We  would 
also  like  to  thank  all  the  Session  Chairmen  and  Round  Table  Participants  for  providing  technical  expertise.  At  Illinois.  Mrs 
Belva  Edwards  transcribed  the  nonclassified  Round  Table  Discussions  from  the  tape,  and  she  and  Mrs  Phyllis  Dobney  did  a  lot 
of  typing.  Finally  the  Office  of  EPP  Executive  was  very  helpful  and  cooperative  in  putting  the  Symposium  in  its  final  form.  We 
wish  to  express  our  appreciation  to  these  and  othei  unnamed  persons  for  making  this  symposium  a  success. 


F.  Christophe 
Toulouse.  France 


K.C.Yeh 
Urbana,  Illinois 


June  1991 
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RADAR  GROOHD  CLOTTCR  MBASORKMKNTS  AND  NOORI.S 
PART  1;  SPATIAL  AMPUTODK  STATISTICS 

by 

J.  Barrie  Billingsley 
MIT  Lincoln  Laboratory 
P.O.  Box  73 
Lexington,  MA  02173 
USA 


SOMMARY 

At  MIT  Lincoln  Laboratory,  we  have  collected  a  large  multifrequency  data 
base  of  radar  ground  clutter  measurements  from  many  sites.  We  employ  our 
clutter  data  to  develop  clutter  models.  Of  particular  interest  to  us  is  the 
site-specific  prediction  of  PPI  ground  clutter  maps  for  ground-sited  radars, 
that  is,  in  simulating  the  spatial  variation  of  ground  clutter.  This  paper 
describes  our  measurements,  and  presents  a  statistical  clutter  model  for 
spatial  amplitude  statistics  based  on  depression  angle,  terrain  type,  RF 
frequency,  and  radar  resolution. 


1 .  INTRODUCTION 

MIT  Lincoln  Laboratory  has 
collected  a  large  data  base  of  iiadar 
ground  clutter  measurements  [1].  These 
measurements  were  conducted  at  42 
different  sites  in  the  United  States  and 
Canada.  At  each  site,  measurements  were 
conducted  in  five  different  frequency 
bands  from  VHP  to  X-band.  The  various 
terrain  types  encompassed  within  these 
measurements  include  forest,  farmland, 
urban,  mountains,  desert,  and  marshland. 
Lincoln  Laboratory  shares  these  data  with 
Canada  and  the  U.K.,  and  coordinated 
analysis  and  clutter  modeling  activities 
are  proceeding  in  all  three  countries.* 

The  principal  objective  of  our 
measurement  program  has  been  the 
development  of  a  reliable  model  for  the 
prediction  of  ground  clutter  spatial 
amplitude  statistics  for  illumination 
angles  near  grazing  Incidence.  Such  low 
angles  are  of  usual  occuTrence  when 
ground-based  air  defense  radars  are 
operating  against  low-altitude  targets. 

In  this  paper,  we  describe  the 
multifrequency  clutter  model  developed 
from  our  measurements  which  is  currently 
in  use  in  air  defense  studies  at  Lincoln 
Laboratory.  The  model  captures  all  of 
the  important  trends  that  we  have 
observed  empirically  in  our  measurement 
data.  Many  of  these  trends  are  discussed 
in  this  paper. 

1 . 1  HaaeareeMat  Pro^rui 

Me  refer  to  our  multifrequency 
radar  ground  clutter  measurement  program 
as  Phase  One,  in  contrast  to  an  earlier 
Phase  Zero  program.  At  each  Phase  One 
site,  we  measured  all  of  the  discernible 
ground  clutter  within  the  f leld-of-view 
through  360  degrees  in  azimuth  and  from 
one  to  50  lun  or  more  in  range,  at  five 
frequencies,  two  polarizations,  and  two 
range  resolutions.  The  duration  of  time 
that  our  equipment  spent  at  each  site 
making  these  measurements  was  typically 


‘Three  other  papers  in  this  Syng>osium, 
authored  respectively  by  a)  Dr.  Chan,  b) 
Dr.  Sarno,  and  c)  Dr.  Tonkin  and  Dr.  Wood 
are  also  baaed  on  the  Lincoln  Laboratory 
clutter  data. 


two  to  three  weeks.  The  amount  of  raw, 
digitally  recorded,  pulse-by-pulse 
measurement  data  collected  at  each  site 
was  usually  such  as  to  fill  about  25  to 
30  high-density  magnetic  tapes.  Within 
the  measurement  program  we  included  seven 
repeated  data  collection  visits  to  a  few 
sites  at  different  times  of  the  year  to 
provide  seasonal  variations  in  our 
clutter  measurement  data  base. 

Altogether  we  maintained  our  Phase  One 
measurement  equipment  in  the  field  for 
three  years  conducting  this  49-3ite-visit 
measurement  program. 

1 . 2  Neasurenent  SqulpaMOt 

Our  Phase  One  clutter  measurement 
ecjuipment  was  self-contained  and  mobile, 
principally  housed  within  three  sixteen¬ 
wheeler  tractor-trailer  combination 
trucks  and  manned  by  a  five-man  crew. 

The  equipment  included  a  transportable 
antenna  tower,  expandable  in  six  sections 
to  a  maximum  height  of  30  m.  A 
photograph  of  the  Phase  One  equipment 
erected  at  our  Lethbridge  West  site  in 
Alberta,  Canada  is  shown  in  Figure  1. 

Important  Phase  One  system 
parameters  are  shown  in  Figure  2.  Phase 
One  operated  in  five  frequency  bands: 

VHF,  UHF,  L-,  S-,  and  X-bands .  These 
five  bands  shared  three  antenna 
reflectors.  The  large  3m  by  9m  reflector 
was  a  shared  dual-frequency  antenna 
between  VHF  and  UHF  with  each  band  having 
its  own  set  of  crossed  dipole  feeds.  The 
intermediate  sized  reflector  was  also  a 
similar  shared  reflector  between  L-  and 
S-bands,  with  a  crossed  dipole  feed  at  L- 
band  and  a  dual  polarized  waveguide  feed 
at  S-band.  The  L-  and  S-band  feeds  were 
protected  by  a  radome.  The  small 
reflector  was  dedicated  to  X-band,  which 
was  fed  with  a  dual  polarized  horn.  The 
antenna  beams  were  relatively  wide  in 
elevation  and  were  fixed  with  boresight 
horizontal  at  zero  degrees  depression 
angle.  Our  measured  clutter  statistics 
were  corrected  for  gain  variations  on  the 
fixed  elevation  beam  both  within  and 
beyond  the  3  dB  points,  depending  on  the 
depression  angle  to  the  backscattering 
terrain  point. 


The  Phase  One  radar  was  a  computer 
controlled,  instrumentation  radar  with 
high  data  rate  recording  capability 
(i.e.,  linear  receiver,  with  13  bit 
analog-to-digital  converters  in  in-phase 
and  quadrature  channels),  and  maintained 
coherence  and  stability  sufficient  for  60 
dB  two-pulse-canceler  clutter  attenuation 
in  postprocessing.  The  instrument  had 
uncoded,  pulsed  waveforms,  with  two  pulse 
lengths  available  in  each  band  to  provide 
high  and  low  range  resolution  as  is  shown 
in  Figure  2.  Polarization  was  selectable 
as  vertical  or  horizontal,  with  transA.it 
and  receive  antennas  always  co-polarized 
(i.e.,  the  cross-polarized  component  in 
the  radar  return  signal  could  not  be 
received) .  The  Phase  One  system 
activated  one  combination  of  frequency, 
polarization,  and  pulse  length  at  a  time, 
for  any  particular  clutter  experiment. 
These  three  major  radar  parameters  as 
well  as  other  parameters  (e.g.,  spatial 
extent  in  range  and  azimuth,  number  of 
pulses  and  pulse  repetition  rate,  etc.) 
were  selectable  at  the  on-board  computer 
console  for  each  clutter  experiment 
recorded.  Internal  calibration  was 
provided  for  every  clutter  measurement. 
External  calibration  was  provided  through 
use  of  standard  gain  antennas  and  corner 
reflectors  mounted  on  portable  towers. 

1 . 3  Measured  Clutter  Mspa 

Figure  3  shows  measured  ground 
clutter  maps  for  all  five  Phase  One 
frequencies  at  one  of  our  sites  high  on 
the  east  banic  of  the  Peace  River  in 
Alb^'ta,  Canada.  In  these  maps,  the 
maximum  range  is  23  )cm,  and  clutter  is 
shown  as  being  white  where  <J°T'  ^  -40  dB. 
To  the  west  in  each  map  is  the  well- 
illuminated  river  valley;  to  the  east, 
level  terrain  is  illuminated  at  grazing 
incidence.  As  patterns  of  spatial 
occurrence  of  ground  clutter,  all  five 
clutter  maps  in  Figure  3  are  quite 
similar.  The  reason  for  this  is  that  the 
relatively  strong  clutter  being  shown  in 
Figure  3  largely  comes  from  visible 
terrain.  We  predict  these  visible 
regions  geometrically  using  digital 
terrain  elevation  data.  Then  we  use  the 
clutter  model  to  provide  clutter 
amplitudes  within  the  visible  regions. 

At  all  five  frequencies  in 
Figure  3,  the  nature  of  the  clutter  tends 
to  be  granular  and  patchy.  That  is,  the 
clutter  is  coming  from  discrete  sources 
distributed  over  visible  surfaces. 
However,  the  granularity  is  greater  at 
grazing  incidence  to  the  east,  less  at 
the  higher  depression  angles  to  the  west. 
Such  effects  are  principally  due  to 
depression  angle  as  it  affects 
microshadowing.  Depression  angle  is  the 
angle  below  the  horizontal  at  which  a 
clutter  cell  is  observed  at  the  radar. 
Also  obvious  in  Figure  3  is  the  effect  of 
increasing  azimuth  beamwidth  with 
decreasing  frequency  causing  increasing 
azimuthal  smearing  of  the  clutter. 

1 . 4  Clutter  Phyaics 

The  major  elements  that  are 
involved  in  low-angle  clutter  are  shown 


in  Figure  4.  We  focus  our  attention  on 
directly  illuminated  clutter  from  large 
Icilometer-sized  regions  of  visible 
terrain.  Our  goal  is  to  predict  the 
distribution  of  clutter  strengths  over 
such  regions.  We  use  Weibull  statistics, 
characterized  by  Weibull  mean  strength 
and  Weibull  spread  parameter. 

Within  visible  regions,  at  the  low 
angles  of  ground-sited  radar,  clutter 
sources  tend  to  be  discrete  vertical 
features,  either  objects  associated  with 
the  land  cover,  or  just  high  points  of 
terrain.  The  discrete  clutter  cells  are 
separated  by  microshadowed  cells  where 
the  radar  is  at  its  noise  floor.  As 
depression  angle  rises,  the  amount  of 
microshadowing  decreases.  As  a  result, 
mean  strength  ri.ses  with  increasing 
angle,  and  the  spread  parameter  falls 
with  increasing  angle.  This  is  a 
fundamental  effect. 

We  use  depression  angle  to  describe 
the  geometry  of  illumination  of  ths 
clutter  cell.  Depression  angle  is  a 
quantity  relatively  simple  and 
unambiguous  to  determine,  depending  as  it 
does  simply  on  range  and  relative 
elevation  difference  between  the  radar 
antenna  and  the  bac)tscattering  terrain 
point.  Our  past  attempts  to  use  grazing 
angle  (i.e.,  the  angle  between  the 
direction  of  illumination  and  the  tangent 
to  the  local  t-srrain  surface  at  the 
bac)cscattering  terrain  point)  have  met 
with  little  additional  success,  partly 
due  to  difficulties  associated  with 
scale,  precision,  and  accuracy  in 
unambiguously  defining  local  terrain 
slope,  and  partly  due  to  the  fact  that 
many  clutter  sources  tend  to  be  vertical 
discrete  objects  associated  with  the  land 
cover . 

The  terrain  between  the  radar  and 
the  clutter  region  affects  the 
measurement  through  propagation 
influences  such  as  multipath  which  can 
change  the  effective  gain  at  which  the 
clutter  is  measured  compared  to  free 
space.  All  such  effects,  both  reflective 
and  diffractive,  are  collected  within  the 
propagation  factor  F,  which  is  defined  to 
be  the  ratio  of  the  incident  field  that 
actually  exists  at  the  clutter  cell  being 
measured  to  the  incident  field  that  would 
exist  there  if  the  clutter  cell  existed 
by  itself  in  free  space.  What  we  nieasure 
as  clutter  strength  is  the  product  of  the 
clutter  coefficient  itself,  0°,  defined 
to  be  radar  cross  section  (RCS)  per  unit 
ground  area  in  the  resolution  cell,  and 
the  fourth  power  of  the  propagation 
factor.  Propagation  effects  cannot  be 
separated  from  our  measurements,  and, 
particularly  at  low  frequencies  on  open 
terrain,  can  dominate  them. 

2.  CLOTTCR  MBASUIUeMEilTS 

2.1  Mean  Strength 

Figure  5  shows  measured  values  of 
mean  clutter  strength  versus  frequency  at 
36  different  rural  sites.  Results  are 
shown  for  two  pulse  lengths,  and  for  two 
polarizations.  Each  plotted  point  in 
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Figure  5  is  the  mean  strength  over  a 
selected  spatial  macroregion,  one  such 
region  per  site.  What  we  see  in  the  data 
of  Figure  5  is  extreme  variability. 
Variability  is  the  most  salient  feature 
of  ground  clutter.  We  see  about  20  dB  of 
variability  at  X-band,  increasing  to 
almost  70  dB  at  VHF. 

The  scatter  plot  of  Figure  5  is 
basically  funnel  shaped.  We  next  specify 
the  central  or  median  position  of  this 
scatter  plot  in  each  frequency  band.  The 
results  are  tabulated  in  Table  1.  In 

Table  1 

Mean  Clutter  Strength  (dB)  vs  Frequency 
(36  rural  sites) 


Frequency  Band 

VHF  UHF  L-  S-  X-band 

■29.6  -30.3  -27.8  -30.7  -27.5 


overall  terms,  these  results  indicate 
that  general  mean  ground  clutter  strength 
is  remar)tably  invariant  with  RF 
frequency,  VHF  through  X-band,  at  or 
about  the  -30  dB  level,  with  no  strong 
t  rend. 


Besides  characterizing  the  central 
level  in  our  funnel  plot,  we  also  wish  to 
quantify  the  spreao  whereby  the  funnel  is 
wide  at  VHF  and  narrow  at  X-band.  We  do 
this  by  computing,  for  each  band,  the 
standard  deviation  or  one-sigma  range  of 
variation  of  all  the  contributing  mean 
strengths.  The  results  are  shown  in 
Table  2.  We  see  a  strong  clear  monotonic 


Table  2 

Standard  Deviation  in 
Mean  Clutter  Strength  (dB) 


Frequency  Band 

VHF 

UHF  L-  S- 

X-band 

16.6 

13.6  9.7  7.1 

5.8 

trend  in  Table  2  where  this  one-sigma 
range  of  variation  decreases  with 
increasing  frequency,  from  16.6  dB  at  VHF 
to  5.8  dB  at  X-band.  That  is,  mean 
clutter  strengths  in  rural  terrain  vary 
much  more  at  VHF  than  at  X-band.  The 
reasons  are  associated  with  VHF  clutter 
strengths  increasing  in  forest  due  to 
decreased  vegetative  absorption  at  VHF 
compared  to  the  microwave  bands,  and  with 
VHF  clutter  strengths  decreasing  in  open 
level  farmland  because  of  multipath  loss. 

In  what  follows,  we  reduce  the 
clutter  variability  shown  in  Figure  5  and 
move  to  a  predir'-ive  capability  by 
classifying  terrain  more  finely  than  just 
"general  rural". 

2 . 2  Clutter  Classifier* 

Table  3  shows  our  major  clutter 
classifiers.  These  are  what  need  to  be 


Table  3 

Major  Clutter  Classifiers 


Terrain: 

Urban 
Mountains 
Forest 
Farmland 

Desert,  marsh,  or  grassland 
(few  discretes) 

Relief  (terrain  slope) 

High 
Low 

Moderately  low 
Very  Low 

Depression  Angle: 

High  1°  to  2° 

Intermediate  0.3°  to  1° 

Low  <  0.3° 


>  2° 

<  2° 

1°  to  2° 
<  1° 


)cnown  about  terrain  to  predict  clutter 
strength.  First,  gross  terrain  type 
requires  specification.  Table  3  shows 
five  major  categories.  Second,  terrain 
roughness  requires  specification.  Table 
3  shows  two  major  categories,  high-relief 
with  terrain  slopes  greater  than  2°,  and 
low-relief  with  terrain  slopes  less  than 
2°.  Sometimes  we  need  to  further 
distinguish  low-relief  as  "moderately 
low"  or  "very  low".  Third,  the 
depression  angle  at  which  the  radar 
illuminates  the  ground  requires 
specification.  We  shall  see  that  small 
differences  in  depression  angle  cause 
large  differences  in  clutter  strength  in 
ground-sited  radar. 

2.3  Forest  and  Farmland 

Figure  6  is  a  three  part  figure 
showing  mean  clutter  strength  versus 
frequency  for  low-relief  forest  in  three 
regimes  of  depression  angle.  The 
horizontal  bars  in  these  figures  are  the 
limits  of  the  data  in  the  funnel  scatter 
plot  of  Figure  5.  Figure  6(a)  shows 
results  for  two  sites  at  relatively  high 
depression  angles  of  1°  and  2°.  In 
Figure  6  (a) ,  we  see  decreasing  strength 
with  increasing  frequency.  This  is 
caused  by  the  absorption  characteristics 
of  the  forest,  wherein  with  increasing 
frequency  the  foliage  becomes 
increasingly  absorptive  and  hence 
decreasingly  diffuse  reflective.  Figures 
6(b)  and  (c)  show  results  at  lower 
depression  angles.  In  these  three 
figures,  we  see  at  all  frequencies  a 
significant  trend  of  increasing  strength 
with  increasing  depression  angle.  Over 
the  forest,  the  propagation  factor  is 
unity,  so  these  are  trends  in  intrinsic 
O'. 


Figure  7  is  a  two-part  figure 
showing  mean  clutter  strength  versus 
frequency  for  low-relief  farmland  sites 
in  two  regimes  of  relief.  Figure  7(a) 
shows  results  for  six  very  low-relief 
(i.e.,  level)  farmland  sites  with  terrain 
slopes  less  than  1°.  For  these  level 
farmland  sites  in  Figure  7(a),  we  see 
strongly  increasing  clutter  strength  with 
Increasing  frequency.  This  is  an 
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opposite  trend  to  that  which  we  observed 
in  Figure  6(a)  for  forest,  which  was  a 
trend  in  intrinsic  0°.  The  trend  for 
level  farmland  in  Figure  7(a),  in 
contrast  to  forest,  is  entirely  due  to 
multipath  loss  entering  through  the 
propagation  factor  F.  Thus,  at  low 
frequency,  VHF,  on  level  open  terrain, 
strong  forward  reflections  cause  broad 
multipath  lobes,  and  clutter  returns  are 
received  well  on  the  underside  of  the 
first  lobe  deep  in  the  horizon  plane 
null.  As  frecjuency  rises,  the  multipath 
lobes  tsecome  narrower,  clutter  strengths 
rise,  until,  in  the  microwave  regime, 
multiple  lobes  play  across  typical 
clutter  sources,  and  the  effect  averages 
out . 

Figure  7 (b)  shows  results  for  three 
moderately  low-relief  farmland  sites  with 
terrain  slopes  between  1°  and  2°.  In  such 
terrain  of  slightly  greater  relief, 
terrain  surfaces  rise  up  into 
illumination  by  the  first  lobe,  so 
clutter  strengths  re.Tiain  high. 

2 . 4  Spread  in  Aoplltude  Distributions 

Figure  8  shows  complete  spatial 
amplitude  distributions,  cumulative 
probability  versus  clutter  strength,  for 
X-band  data.  It  has  been  the  mean 
strengths  of  such  distributions  that  have 
thus  far  been  under  discussion  in 
Section  2.  Now  we  shall  discuss  spread 
in  these  distributions. 

At  low  angles  (<  0.25°),  the 
distribution  in  Figure  8  is  very  broad 
because  of  discretes  and  microshadow. 

With  increasing  angle,  the  spread 
decreases,  first  with  very  small  steps  in 
angle  in  low-relief  terrain,  then  with 
larger  steps  in  angle  in  high-relief 
terrain.  In  the  high-angle  limit  (6°  to 
8°)  for  a  ground-sited  radar,  we  have 
very  close  to  Rayleigh  statistics, 
because  at  such  high  airborne-li)ce 
angles,  we  have  floodlit  illumination,  no 
microshadowing,  and  less  effect  by 
discretes.  So  as  angle  increases,  spread 
decreases,  and  we  gradually  transition 
from  the  spi)cy,  low-angle  Weibull  regime 
to  the  better-behaved  high-angle  Rayleigh 
regime . 

Figure  8  showed  the  effect  of 
depression  angle  on  spread.  Figure  9 
shows  the  effect  of  resolution  on  spread. 
In  Figure  9  the  Weibull  spread  parameter 
a,  is  plotted  versus  the  spatial 
resolution  of  the  radar  in  square  meters. 
What  we  observe  in  Figure  9  is  decreasing 
spread  with  increasing  cell  size.  As  the 
cell  size  increases,  the  amount  of 
averaging  within  the  cell  increases,  and 
the  variability  from  cell  to  cell 
decreases.  These  different  cell  sizes 
come  about  from  our  different  range 
resolutions  and  beamwldths  at  different 
frequencies.  Any  dependence  of  a^  on 
frequency  is  also  bound  up  in  the  results 
of  Figure  9,  but  this  is  a  secondary 
effect  conpared  with  the  strong 
dependence  of  a.  on  resolution.  More 
specifically  in  Figure  9,  in  farmland  at 
low  depression  angle  large  spread  occurs 


at  high  resolution  (because  this  process 
is  so  discrete  dominated.  In  forest  at 
low  angle,  less  spread  occurs  because 
forest  is  a  more  homogeneous  surface. 

And  in  forest  at  high  angle,  still  less 
spread  occurs  as  a  result  of  the  improved 
illumination. 

2 . 5  Polarisation 

Polarization  has  very  little 
general  effect  on  clutter  amplitude 
statistics.  In  the  distribution  of 
differences  of  vertically  polarized  mean 
clutter  strength  minus  horizontally 
polarized  mean  clutter  strength  across 
all  of  our  measurements,  the  median 
difference  is  only  1.48  dB.  However, 
occasional  specific  measurements  can  show 
more  significant  variation  with 
polarization.  As  one  extreme  example,  at 
VHF  in  steep  mountainous  terrain,  we  have 
measurements  from  two  different  sites  in 
which  mean  clutter  strengths  at  VHF  were 
7  to  8  dB  stronger  at  vertical 
polarization  than  at  horizontal. 

2 . 6  Weather  and  Season 

General  effects  of  weather  and 
season  on  our  measured  clutter  amplitude 
distributions  are  small  and  without 
apparent  trend.  On  the  basis  of  a 
repeated  subset  of  measurements  over  the 
2  to  3  wee)c  stay  at  every  Phase  One  site, 
we  specify  the  one-sigma  day-to-day 
variability  in  mean  clutter  strength, 
largely  due  to  changes  in  weather,  to  be 

1.1  dB,  with  occasional  variations  (i.e., 
10  percent)  greater  than  3  dB.  The  Phase 
One  equipment  made  seven  repeated  visits 
to  selected  sites  to  investigate  seasonal 
variations.  On  the  basis  of  these 
measurements,  we  specify  the  one-sigma 
seasonal  variability  in  mean  clutter 
strength  to  be  1.6  dB,  with  occasional 
variations  (i.e.,  10  percent)  greater 
than  4.8  dB.  These  variations  are  small 
because  low-angle  clutter  is  dominated  by 
discrete  sources  which  are  usually  little 
affected  by  weather  and  season. 

3.  MOLTZntZQDKNCY  CLDTTSR  NODEI. 

3 . 1  Approach 

Figure  10  compares  terrain 
visibility  with  measured  clutter 
visibility  at  our  Katahdin  Hill  site  in 
eastern  Massachusetts.  To  the  left  in 
Figure  10,  geometric  line-of-sight 
terrain  visibility  is  predicted  using 
digital  terrain  elevation  data.  In  the 
middle  of  Figure  10  is  the  measured 
clutter  map  at  the  same  site  thresholded 
for  o®F*  >  -40  dB.  In  gross  measure, 
these  two  patterns  of  terrain  visibility 
and  clutter  visibility  are  quite  similar. 
This  similarity  is  borne  out  in  the  graph 
to  the  right  in  Figure  10,  which  shows 
percent  circumference  visible  versus 
range  in  both  maps. 

Our  approach  to  clutter  modeling  is 
as  follows.  First  we  use  the  terrain 
elevation  data  to  deterministically 
predict  where  the  clutter  is.  Then, 
depending  on  depression  angle  and  terrain 
type,  we  use  our  statistical  clutter 
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model  to  provide  the  strength  of  the 
clutter  in  each  visible  cell.  This  is 
what  we  mean  by  site-specific  modeling. 

3 . 2  Itelbull  Statistics 


We  engage  in  the  en^irical 
prediction  of  ground  clutter  spatial 
amplitude  distributions  using  Weibull 
statistics.  Weibull  distributions 
provide  the  wide  degree  of  spread 
appropriate  to  low-angle  ground  clutter 
amplitude  distributions.  The  Weibull 
cumulative  distribution  function  may  be 
written  as: 


P(x) 


1  -  exp 


ln2- 

(^o)  ^ 


where 

O°jo  “  median  value  of  x, 
b  =  1/a., 

a,  =  Weibull  spread  parameter. 

The  mean-to-median  ratio  for  Weibull 
statistics  is 


“oT  _  r  (1  <^a.) 

(In2)*- 


where  oT  is  the  mean  value  of  x  and  F  is 
the  Gamma  function.  Here,  the  random 
variable  x  represents  clutter  strength 
0°F*. 


From  these  relationships,  we  see 
that  a  Weibull  distribution  may  be 

characterized  by  oS  and  a..  Thus,  our 
modeling  objective  becomes  one  of 
defining  these  coefficients  as  a  function 
of  the  terrain  type  within  the  clutter 
patch,  the  depression  angle  at  which  the 
radar  illuminates  the  clutter  patch,  and 
the  radar  parameters  of  RF  frequency  and 
spatial  resolution. 

3.3  Clutter  Model 

Multifrequency  modeling  Information 
for  predicting  ground  clutter  ^unplltude 
statistics  as  they  occur  over  macro- 
regions  of  geometrically  visible  terrain 
is  presented  in  Figure  11.  This 
information  is  provided  in  terms  of  the 

Weibull  coefficients,  oj  and  a..  Most 
terrain  types  in  Figure  11  involve 
several  depression  angle  regimes.  The 
important  general  terrain  types  are 
threefold,  namely:  1)  rural/low-rellef 
terrain,  in  which  terrain  slopes  are 
usually  less  than  two  degrees;  2)  rural/ 
high-relief  terrain,  in  which  terrain 
slopes  are  usually  greater  than  two 
degrees;  and  3)  urban  terrain.  A  fourth 
general  category  comprising  terrain 
observed  at  negative  depression  angle  is 
Included.  Terrain  observed  at  negative 
depression  angle  is  usually  relatively 
steep. 

Within  rural/low-relief  terrain,  our 
model  further  distinguishes  the  following 
specific  important  subclass  terrain 
types:  1)  continuous  forest;  2)  open 


farmland;  and  3)  open  desert,  marsh  or 
grazing  land  with  very  low  incidence  of 
large  discrete  vertical  objects  (e.g., 
farm  buildings  and  machinery, 
transmission  line  poles  and  pylons, 
isolated  trees,  etc.).  Within  rural/ 
high-relief  terrain,  we  particularly 
separate  out  subclass  terrain  types  of: 

1)  continuous  forest;  and  2)  mountains. 
Within  urban  terrain,  we  separate  out  the 
subclass  of  urban  terrain  as  observed  on 
open  low-relief  terrain  supportive  of 
multipath.  Concerning  the  several 
subcategories  of  terrain  contained  within 
each  of  the  three  general  terrain  types 
in  Figure  11,  the  general  category  (i.e., 
category  (a) )  is  applicable  only  if  the 
terrain  in  question  fails  to  meet  the 
spiecif ication  of  any  of  the  specific 
subcategories  (i.e.,  category  (b) ,  (c) , 
or  (d) )  within  a  group.  That  is,  the 
general  category  applies  to  mixed  or 
composite  terrain  that  is  neither 
completely  open  nor  corqiletely  tree- 
covered.  The  subcategorization  of 
terrain  withih  each  major  group  becomes 
increasingly  important  with  decreasing 
frequency . 

Altogether,  the  model  of  Figure  11 
consists  of  27  combinations  of  terrain 
type  and  depression  angle.  For  each 
combination  of  terrain  type  and 
depression  angle,  the  clutter  model 
provides  Weibull  mean  cutter  strength  as 
a  function  of  radar  frequency  ”f",  VHF 

through  X-band,  as  oJ(f),  and  provides 
the  Weibull  spread  parameter  as  a 
function  of  radar  spatial  resolution  "A" 
over  the  range  between  10^  and  10*  m^,  as 
a. (A).  The  spread  parameter  is  obtained 
from  linear  interpolation  on  log^gCA) 
between  the  values  provided  for  A  “  10’  m* 
and  A  =  10*  m^.  The  total  matrix  of 
information  in  Figure  11  codifies  all 
in^jortant  multifrequency  trends  that  we 
have  observed  in  our  measured  clutter 

an^litude  distributions.  Much  of  the  oj 
data  of  Figure  11  is  plotted  in 
Figure  12. 

3.4  Model  Validation 

Our  Weibull  clutter  model  has  now 
been  in  use  at  Lincoln  Laboratory  for 
several  years  in  radar  system  studies 
involving  clutter  limited  operation 
against  various  airborne  targets.  These 
studies  have  ranged  from  VHF  surveillance 
and  track  to  X-band  fire  control.  Since 
the  clutter  model  directly  affects  the 
outcomes  of  such  studies,  we  have  strong 
and  ongoing  interest  in  validating  and 
improving  the  clutter  model.  In 
validating  a  clutter  model,  we 
hypothesize  an  air  defense  engagement  to 
take  place  at  one  of  our  clutter 
measurement  sites,  and  confute  system 
performance  in  two  ways:  1)  using  the 
actual  measured  clutter  at  that  site;  and 

2)  using  the  clutter  model  to  simulate 
clutter  at  that  site.  Successful 
validation  requires  that  the  performance 
measure  cmqputed  using  modeled  clutter  be 
acceptably  similar  to  that  computed  using 
the  actual  clutter.  Model  validation 
encompasses  many  measurement  sites. 
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For  X-band  fire  control  in  a 
surface-to-air  missile  system,  the 
performance  parameter  we  enploy  is  the 
site-specific  footprint  of  all  points  at 
which  an  intercept  can  be  made.  The 
Weibull  model  works  well  in  predicting 
the  site-specific  intercept  footprint. 

We  then  generalize  system  performance  by 
confuting  the  median  intercept  footprint 
of  the  system  over  many  sites.  A  simple 
spherical  earth,  constant  0°  clutter 
model  cannot  deliver  the  same  general 
performance  as  our  more  complicated 
model.  That  is,  the  constant  a°  required 
in  the  simple  model  is  system  dependent, 
whereas  our  Weibull  statistical  model 
works  well  for  various  systems. 

For  VHF  track-while-scan 
surveillance  radar,  the  performance 
parameter  we  employ  is  tracker  coverage 
area.  It  is  more  difficult  to  predict 
VHF  clutter  than  X-band  clutter  due  to 
propagation  effects.  Still,  our  model  is 
adequate  in  high-relief  terrain  where 
propagation  effects  are  less  dominant. 
However,  in  open  low-relief  terrain,  we 
can  improve  our  Weibull  model  by  adding  a 
deterministic  computation  of  multipath 
propagation.  We  are  engaged  in  this  and 
other  ways  to  improve  our  model 

3 . 5  Model  Z^rovenent 

In  the  clutter  model  of  Figure  11, 
clutter  is  represented  as  a  Weibull 
statistical  process  occurring  over 
visible  terrain  regions.  The  Weibull 
distributions  aggregate  the  widely 
varying  returns  received  predominantly 
from  an  infinity  of  discrete  sources. 
Current  studies  to  improve  this  model 
include  the  following: 

1)  separating  the  strongest  discretes 
and  introducing  grazing  angle 
dependence  on  the  residual  clutter 
background; 

2)  introducing  clutter  into  shadowed 
regions; 

3)  utilizing  improved  land  cover 
information  as  it  becomes 
available; 

4)  improving  propagation  prediction  at 
clutter  source  heights; 

5)  investigating  non-site-specific 
clutter  modeling. 

Figure  11  conveniently  represents 
the  structure  of  our  clutter  model. 

Within  this  structure,  we  have  an 
adaptive  modeling  capability  resident  on 
our  computer.  That  is,  we  have  on  file 
100,000  measured  clutter  spatial 
amplitude  distributions  together  with 
their  terrain  descriptive  parameters. 

The  clutter  model  is  the  template  by 
which  we  sort  these  data.  Not  only  can 
we  provide  a  general  template  (l.e.. 
Figure  11),  but  we  can  also  adjust  the 
template  to  provide  more  detailed  results 
specific  to  an  individual  user's 
particular  interests. 


4.  CCmCWSION 

At  MIT  Lincoln  Laboratory,  we  have 
a  large  multifrequency  data  base  of  radar 
ground  clutter  measurements.  Within  this 
data  base,  we  have  different  kinds  of 
experiments  suitable  for  different 
purposes.  Some  experiments  provide  cell- 
by-cell  variation  over  wide  spatial 
extent  with  relatively  few  (e.g.,  125) 
pulses  per  cell.  Other  experiments 
constitute  long-time-dwells  (e.g.,  30,720 
pulses)  on  selected  cells  suitable  for 
studies  involving  teitporal  statistics. 

All  of  our  calibrated  clutter  data  exist 
in  pulse-by-pulse  in-phase  and  quadrature 
format  and  thus  are  suitable  for  studies 
involving  coherent  processing. 

We  use  our  clutter  data  to  develop 
clutter  models.  Of  particular  interest 
to  us  is  the  site-specific  prediction  of 
PPI  ground  clutter  maps.  This  paper 
describes  our  approach  to  such 
prediction,  wherein  we  enploy  Weibull 
distributed  random  numbers  to  represent 
cell-by-cell  variations  in  clutter 
strength  over  visible  regions  of  terrain 
viewed  from  the  radar  site.  Validation 
of  this  modeling  approach  is  based  on 
simulated  radar  system  performance  in 
measured  clutter  matching  that  in  modeled 
clutter.  Our  general  clutter  model 
continues  to  be  developed  and  improved 
upon.  The  modeling  information  resident 
on  our  computer  allows  us  to  adapt  our 
predictions  more  closely  to  particular 
situations  as  interest  in  them  arises. 
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Figure  3.  Measured  multi frequency  ground  clutter  maps  at  Peace  River,  Alberta. 


LOSING 


PROPAGATION  FACTOR  F  CLUTTER  COEFFICIENT  a° 

CLUTTER  STRENG™  =  a°  F^ 


Figure  4.  Clutter  physics. 


Frequency 

Band 

VHF 

UHF  L-band 

S-band 

X-band 

MHz 

165 

435  1230 

3240 

9200 

Polarization 

W  or  HH 

Range  Resolution 

36  or 
150  m 

36  or  15  or 

150  m  150  m 

15  or 
150  m 

15  or 

150  m 

Azimuth  Beamwidth 

13“ 

5“  3“ 

1“ 

1“ 

Elevation  Beamwidth 

39° 

15“  10“ 

4“ 

3“ 

Antenna  Gain  (dBi) 

13 

25  28.5 

35.5, 

36.5 

Peak  Power 

10  kW  (50  kW  at  X- 

band) 

10  KM  Sensitivity 

0“F«  -  -60  dB 

A/D  Sampling  Rate 

1,  2,  5,  or  10  MHz 

A/D  Number  of  Bits 

13 

Data  Recording  Rate 

62 5K  Bytes /sec 

Output  Data 

I  and  Q 

RCS  Accuracy 

2  dB  rms 

Minimum  Range 

1  km 

Dynamic  Range 

Instantaneous 

Attenuator  Controlled 

60  dB 

40  dB 

Data  Collection  Modes 

Beam  scan 

Parked  bew 

Beam  step 

Azimuth  Scan  Rate 

0  to  3  deg/sec 

Tower  Height 

9  m,  18  m,  30  m 

Figure  2.  Phase  One  system  parameters. 


KEY 

RANGE 

RES.  (m) 

POL. 

150 

H  • 

150 

V  O 

15/36 

H  + 

15/36 

V  X 

Figure  5.  Mean  ground  clutter  strength  vs  frequency  at  36  rural  sites. 
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Figure  7.  Mean  ground  clutter  strength  vs  frequency  in  farmland  terrain  of 
a)  very  low-relief,  and  b)  moderately  low-relief. 


MEAN  OF  0°  (dB) 


VHF  UHF  L-  S-  X-BAND 
FREQUENCY  (MHz) 


Figure  6.  Mean  ground  clutter  strength  vs  frequency  In  low-relief  forest 
terrain  at  a)  high  depression  angle,  b)  intermediate  depression 
angle,  and  c)  low  depression  angle. 
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Tarrain  Typa 


Rural/Low-Raliaf 
a)  General  Rural 


b)  Continuous  forest 


c)  Open  farmland 


d)  Desert,  marsh, 
or  grassland 
(few  discretes) 


Rural/High-Raliaf 
a)  General  Rural 


b)  Continuous  forest 

c)  Mountains 


Urban 

a)  General  Urban 


b)  Urban,  observed  on 
open  low-relief 
terrain 


Negative  Depression 
Angle 

a)  All.  except  mountains 
and  high-relief 
continuous  forest 


Oepreaaion 

Angle 

(deg) 


0  00  to  0.25 
0.25  to  0.75 
0.75  to  1 .50 
1 .50  to  4.00 
>4.00 

0.00  to  0.30 
0  30  to  1.00 
>1.00 

0  00  to  0.40 
0.40  to  0  75 
0.75  to  1.50 

0  00  to  0  25 
0.25  to  0.75 
>0  75 


Frequency  Band 


Resolution  (m^) 


VHF  UHF 


S-  X-BAND 


000  to  0  25 
0  25  to  0.75 
>0.75 

0  00  to  0  25 


0.00  to  -0.25 
-0.25  to  -0.75 
<-0.75 


-33  -33  -33 

-32  -32  -32 

-30  -30  -30 

-27  -27  -27 

-25  -25  -25 

-42  -40  -39 

-30  -30  -30 

-19  -22  -24 

-39  -30  -30 

-30  -30  -30 

-30  -30  -30 

-74  -68  -51 

-58  -46  -41 

-40  -40  -38 


-27  -27  -27  -27 

-24  -24  -24  -24 

-21  -21  -21  -21 
-19  -19  -19  -19 

-IS  -19  -22  -22 

-8  -11  -18  -20 


-20  -20  -20  -20 
-20  -20  -20  -20 
-20  -20  -20  -20 

-32  -24  -15  -10 


-31  -31  -31  -31  -31 

-27  -27  -27  -27  -27 

-26  -26  -26  -26  -26 


Figure  11.  Multi frequency  Heibull  parameters  of  ground  clutter  amplitude 
distributions . 
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DISCUSSION 


G.  Nelnlnger  IGE)  : 

Have  you  taken  Into  account  the  severe  multipath  problems  at  the  lower  frequency  end 
of  the  measuring  band  ?  How  was  the  antenna  configured  ? 

Author's  reply  : 

In  open  terrain,  our  clutter  measurements  were  often  dominated  by  multipath 
propagation,  particularly  in  our  lower  frequency  bands.  We  present  our  results  as  to 
emphasize  this  fact.  Initially,  one  might  suppose  that  the  high  theoretical  ground  would 
be  to  compute  the  propagation  factor  F  and  remove  It  as  a  contaminating  influence  in 
our  data.  However,  It  is  our  position  that,  using  available  digital  terrain  elevation  data,  it 
is  not  currently  piosslble  to  compute  the  propagation  factor  F  at  clutter  source  heights 
sufficiently  accurately  to  allow  cell-by-cell  separation  of  Intrinsic  a°  in  measured  clutter 
data.  Thus,  our  clutter  model  predicts  the  product  cr°F^  and  separates  very  low-relief 
open  terrain  in  which  multipath  loss  is  dominant  from  moderately  low-relief  open 
terrain  in  which  multipath  effects  are  more  variable.  Our  antenna  height  was  usually 
18  m  but  we  also  made  some  measurements  at  9  m  and  30  m.  These  results  showed 
that  multipath  loss  was  not  strongly  dependent  on  antenna  height. 


Why  was  your  analysis  based  on  a  Weibull  distribution  rather  than  other  2  parameter 
statistical  distributions  ? 

Author's  reply  : 

Our  measured  distributions  (of  which  we  have  about  100  000  on  file)  are  usually  more 
closely  approximated  by  Weibull  distributions  than  by  other  analytic  distributions  we 
have  tried.  For  example,  the  lognormal  distribution  (another  2  -  parameter  distribution) 
usually  overemphasizes  the  degree  of  spread  required  (l.e..  our  measured  tails  fall  off 
more  rapidly  than  do  lognormal  tails).  Furthermore,  the  Weibull  distribution  provides 
decreasing  spread  with  decreasing  a-parameter  and  in  the  limiting  case  degenerates  to 
a  Rayleigh  distribution  when  a  =  1.  This  mimics  the  behavior  of  our  measured 
distributions  which,  with  increasing  depression  angle  show  decreasing  spread  and.  in 
the  limiting  high-angle  case  for  ground-sited  radar  (viz.,  8°  or  so)  also  often  degenerate 
to  approximately  Rayleigh  distributions. 


G.H.  Ham  fUSl : 

Have  you  considered  the  statistical  confidence  bounds  on  the  measured  distributions 
and  can  you  use  these  bounds  in  the  context  of  your  model  ? 

Comment : 

I  have  found  it  useful  to  use  non-parametric  (l.e..  distribution  free)  statistics  to  put 
confidence  bounds  on  sample  cumulative  distribution  functions  (CDFs)  where  only  the 
sample  size  and  level  of  significance  (l.e.,  type  1  error,  a)  are  needed  to  determine  the 
confidence  bound.  For  example,  the  Kolmogorov- Smirnoff  statistic  can  be  used  to 
estimate  the  confidence  bound  and  also  to  test  for  goodness  of  fit  (see  F.J.  Massey.  Jr.. 
'The  Kolmogorov-Smlmoff  Test  for  Goodness  of  Fit"  J.  Amer  Statist. assn.,  'Vol.  46. 
pp.68  -78.  March  1951  ;  Z.W.  Bimbaum,  "Numerical  Tabulation  of  the  Distribution  of 
Kolmogorov's  Statistic  for  Finite  Sample  Size",  J.  Amer.  Statls.  Assn..  Vol.  47, 
September  1952. 
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Author's  reply  : 

Our  measured  distributions  almost  never  pass  rigorous  statistical  hypothesis  tests 
(Including  the  Kolmogorov-Smlmoff  test)  for  belonging  to  Weibull,  lognormal  or  any 
other  analytic  distributions  we  have  tried.  We  are  dealing  with  a  messy  statistical 
phenomenon  in  which  we  are  collecting  returns  from  all  the  discrete  vertical 
scattering  sources  that  occur  at  near-grazing  incidence  over  real  landscape.  Rather  than 
dwell  on  statistical  rigor,  we  emphasize  engineering  approximations  to  our 
distributions  using  Weibull  statistics.  Working  in  this  manner,  we  do  not  guarantee 
rigorous  Weibull  statistics  within  specified  confidence  bounds  but  we  do.  for  example, 
provide  the  one-sigma  variability  of  mean  strengh  (an  engineering  Indication  of 
prediction  accuracy)  in  our  measured  distributions  within  a  given  terrain 
type/rellef/depresslon  angle  class  which  is  often  on  the  order  of  3  dB.  We  are  less 
concerned  with  the  exact  shape  of  the  distribution  than  in  getting  its  level  (i.e.  first 
moment)  right. 


F.  Le  Chevalier  (FRl  : 

Bon'l  you  think  a  distinction  between  point-llke  scatterers  and  diffuse  scattering  could 
help  in  interpreting  the  differences  between  low  frequency  and  high  frequency 
staUstics  ? 


Author  s  reply  : 

A  classical  ground  clutter  model  consists  of  diffuse  clutter  emanating  from  area- 
extensive  surfaces  with  a  few  large  point-like  discrete  scatterers  added  in  to  account 
for  objects  like  water  towers.  Our  measurements  reveal  that,  at  the  near  grazing 
Incidence  of  ground-sited  radar,  over  ranges  of  many  kms.  a  more  realistic  construct  is 
to  imagine  clutter  as  arising  from  a  sea  of  discretes.  For  example,  over  forest,  it  is  a  few 
projecting  treetops  in  a  resolution  cell  that  cause  the  backscatter.  with  the  in  between 
shadowed  areas  of  the  canopy  contributing  much  lower  returns.  Over  agricultural 
terrain.  It  is  the  few  projecting  hillocks  in  the  microtopography  plus  fence  lines  and 
other  obvious  cultural  discretes  that  dominate  the  backscatter.  All  terrain  types,  open 
or  forested,  natural  or  cultural,  are  dominated  by  discretes.  Thus  our  empirical  clutter 
model  for  ground-sited  radar  is  based  on  depression  angle  as  it  affects  shadowing  in  a 
sea  of  patchy  visibility  and  discrete  scattering  sources.  As  depression  angle  Increases, 
we  gradually  begin  to  move  from  a  discrete-dominated  Weibull  process  towards  more 
diffuse  clutter  and  the  accompanying  Rayleigh  process  that  exists  in  airborne  radar.  The 
differences  between  our  low  frequency  and  high  frequency  statistics  are  caused  by 
frequency-dependent  absorption  and  propagation  effects.  Our  data  are  dominated  by 
discretes  at  all  our  measurement  frequencies. 
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Radar  ground  clutter  measurement  and  models, 

Part  II  —  Spectral  characteristics  and  temporal  statistics, 
by 

Hing  C.  Chan 
Radar  Division 

Defence  Research  Establishment  Ottawa, 

3701  Carling  Ave.,  Ottawa,  Ontario,  KIA  0Z4,  Canada. 

Summary 

The  performance  of  ground-based  surveillance  radars  is  affected  by  the  spectral  characteristics  and  the 
temporal  statistics  of  ground  clutter.  Traditionally,  ground  clutter  problems  are  treated  by  employing  filtering 
techniques  such  as  delay— bne  cancellers.  These  techniques  result  in  a  degraded  detection  performance  of 
low-velocity  targets.  With  the  worsening  congestion  in  air  traffic,  there  is  an  increased  demand  for  improved 
performance  of  low— velocity  target  detection. 

To  improve  the  detection  performance  of  ground-based  surveillance  radars  for  low— velocity  targets, 
signal  processing  algorithms  which  exploit  ground— clutter  characteristics  must  be  developed.  This  requires  a 
thorough  understanding  of  ground— clutter  behaviour.  In  this  paper,  we  report  the  results  of  the  spectral  and 
statistical  analyses  of  low— angle  ground  clutter,  using  data  of  the  MIT  Lincoln  Laboratory  Phase  I  program  and 
S-band  coherent  ground-clutter  data  collected  by  the  Radar  Division  of  the  Defence  research  Estabbshment 
Ottawa 

The  results  of  the  spectral  analysis  show  that  ground  clutter,  as  observed  by  a  coherent  radar  with  a 
stationary  antenna,  comprises  three  components:  (a)  a  coherent  component,  (b)  a  slow— diffuse  component  and 
(c)  a  fast-diffuse  component.  These  components  can  be  described  by  relatively  simple  models.  The  model 
parameters  are  functions  of  radar  frequency,  waveform  resolution,  land  cover  and  wind  speed. 

The  results  of  the  statistical  analysis  show  that  the  Ricean  distribution  and  its  limiting  case,  the 
Rayleigh  distribution,  are  appropriate  models  for  ground— clutter  ampbtude  statistics  in  steady-state  wind 
conditions  The  relative  frequency  of  fit  of  the  ground-clutter  statistics  to  each  model  depends  on  radar 
frequency,  land  cover  and  wind  speed.  However,  at  any  given  time,  there  is  a  significant  proportion  of 
resolution  cells  in  a  surveillance  area  which  exhibits  non-stationary  statistics  This  non-stationary  sta'istical 
behaviour  was  a  consequence  of  rapidly  changing  wind  conditions. 

The  results  presented  in  this  paper  are  of  use  for  the  development  of  ground-clutter  spectral  and 
statistical  models,  GEAR  processors,  and  algorithms  for  improved  low-velocity  target  detection. 


1  Introduction 

The  performance  of  ground-based  surveillance  radars  in  areas  within  the  radar  horizon  is  largely 
ground— clutter-limited.  Modern  signal  processing  techniques  such  as  moving  target  indicator  (MTl)  filtering 
and  constant  false  alarm  rate  (GEAR)  processors  have  improved  the  detection  of  moving  targets  to  a  level  that 
IS  near-optimum.  However,  mr  targets  with  very  low  radial  velocities,  the  detection  performance  is  still  very 
much  dependent  on  the  spectral  characteristics  and  the  temporal  statistics  of  the  clutter  returns.  Most  sign^ 
processing  ailgorithms  designed  to  suppress  ground  clatter  are  Doppler  sensitive.  Processors  designed  to  control 
false  alarm  rate  are  sensitive  to  changes  in  the  ampUtade  statistics  of  the  ground  clutter. 


The  spectral  behaviour  of  radar  ground  clutter  has  received  less  attention  from  radar  researchers  than 
other  characteristics  such  as  ampbtude  statistics  and  spatial  distribution.  Traditionally,  clutter  problems  were 
treated  by  employing  filters  or  cancellers.  These  filters  usually  have  fixed  bandpass  characteristics.  Targets 
with  a  Doppler  shift  which  is  dose  to  that  of  the  dutter  are  also  attenuated,  thereby  redudng  their  detection 
probabibty  in  theae  so-called  bUnd-speed  regions.  Staggered  PRF  or  multiple  PRF  schemes  must  be  employed 
to  improve  detection  performance  for  targets  with  a  speed  that  falls  in  the  bUnd-speed  regions.  The  design  of  a 
multiple  PRF  scheme  is  much  simpbfied  if  the  extent  of  the  bUnd-speed  regions  is  reduced.  Signal  processing 
techniques  developed  based  on  an  incomplete  knowledge  of  dutter  spectral  characteristics  may  not  Mrform  as 
expected  It  is  therefore  essential  that  we  identify  the  various  spectr^  components  of  dutter  and  evaluate  their 
relative  sigruficance  in  terms  of  signal  processing. 

The  temporal  statistics  of  ground  dutter  describe  the  statistical  variation  of  the  ground-clutter 
magnitude  over  time  for  a  given  resolution  cell.  A  knowler^e  of  these  statistics  enables  one  to  set  the  detection 
threshold  for  an  optimal  probabibty  of  detection  (Pj)  subject  to  the  constraint  of  an  acceptable  probabibty  of 
false  alarm  (Pr«). 

2.  Ground-clutter  data  base. 

To  obtain  accurate  spectral  and  statistical  information,  ground  dutter  must  be  observed  over  a 
suffidently  long  period  of  time.  Preferably  data  should  be  available  to  allow  for  examination  of  the  effects  of 
radar  frequency,  resolution  and  polarization  on  dutter  spectrum  and  amplitude  statistics.  For  analyses  using 
experimental  data,  a  more  practical  constraint  is  the  length  of  the  recorded  data.  In  this  section  we  describe 
two  ground-clutter  data  sources  The  first  was  the  MIT  Lincoln  Laboratory’s  Phase  1  ground  dutter  data  base 
[11.  The  second  was  the  Defence  Research  Establishment  Ottawa  (DREO)  S— band  phased  array  radar.  The 
auvantages  and  limitations  of  these  data  are  discussed. 

2  1  The  MIT  Lincoln  Laboratory  Phase  I  data  baw 

In  the  early  eighties,  the  MIT  Lincoln  Laboratory  Phase  I  program  collected  ground-clutter  data  from  33 
Canadian  and  9  American  sites  The  characteristics  of  the  Phase  I  r^ar  are  summarized  in  Table  1. 
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Table  1:  Characteristics  of  the  Phase  I  Radar. 


Frequency  (MHz) 
RziButhal 
Beaavidth  (Deg) 
Range 

Resolution  («) 
Polarization 

PRF 


165  435  1230  3240  9100 

13  5  3  1  1 


36  ■  /  150  ■  15  ■  /  150  a 

Vertical  Transmit/  Vertical  receive 
Horizontal  Transait/  Horizontal  Receive 
500  Hz  to  4000  Hz 


The  majority  of  the  Phase  I  data  was  collected  in  the  so-called  SURVEY  mode  and  the  REPEAT  mode. 
In  the  SURVEY  mode,  the  antenna  was  mechanically  scanned  at  a  constant  speed  (less  than  3<>/sec).  The 
REPEAT  mode  employed  a  stationary  antenna,  but  the  dwell  time  was  usually  less  than  a  second.  These  two 
modes  were  designed  to  collect  spatial  statistics  of  ground  clutter  which  required  a  large  ensemble  of  relatively 
short-time  averages  of  the  clutter  magnitude  from  individual  resolution  cells.  Data  from  the  SURVEY  and 
REPEAT  modes  ate  not  suitable  for  spectral  and  temporal  statistical  analyses  due  to  the  high  PRF  and  short 
dwell  time.  There  was  a  small  amount  of  long-dwell  mode  data  from  a  few  sites  which  are  suitable.  These  data 
were  recorded  with  a  stationary  antenna.  Hence  there  was  no  antenna  scanning  modulation.  The  dwell  time  for 
these  data  was  usually  quite  long,  from  20  seconds  to  about  a  minute.  Thus  it  was  possible  to  obtain  spectral 
resolution  as  low  as  a  fraction  of  a  Hz. 

Unfortunately,  the  collection  of  long-dwell  mode  data  is  very  time  consuming  and  was  performed  only 
occasionally  &om  a  limited  number  of  resolution  cells.  Cons^uently,  there  was  not  enough  data  from  each  site 
with  suHident  diversity  in  land  cover  and  a  sufGdently  wide  range  of  wind  speed  to  provide  the  necessary 
information  for  modelling.  One  exception  was  the  Katahdin  Hill,  MA  site  where  very  det^ed  ground  truth  and 
a  large  amount  of  long-^w^  data  were  collected  from  a  small  forested  patch  (about  2  km  in  range  and  !<>  in 
azimuth).  The  analysis  of  some  of  these  data  has  been  reported  by  Bilbngsley  and  Larrabee  [2]. 

The  advantage  of  the  Phase  I  data  is  that  it  permits  the  examination  of  ground  clutter  spectra  and 
amplitude  statistics  over  a  wide  range  of  radar  frequency  and  wind  speed.  The  limitation  is  that  there  is  not 
enough  variety  in  land  cover. 


2.2  The  DREO  S-band  experimental  phased  array  radar. 

The  Defence  Research  Establishment  Ottawa  (DREO)  Radar  Division’s  S— band  coherent  phased  array 
radar  facility  was  used  to  collect  ground-clutter  data  specifically  designed  for  detailed  spectral  and  statistical 
analyses.  The  essential  characteristics  of  the  DREO  S-band  radar  are  summarized  in  Table  2 

Table  2.  Characteristics  of  the  DREO  Radar  Division 
S-band  Phased  Array  Radar. 


Frequency  .  2970  MHz 

Polarization  .  Horizontal 

Range  resolution . 150  m 

PRF  .  100  Hz 

Aziauthal  Beaavidth  .  4° 


For  data  collection,  we  used  a  dwell  of  30720  pulses  at  a  PRF  of  100  Hz.  The  S— band  phased  array 
antenna  can  be  electronic^ly  steered  to  cover  an  arc  of  80°.  We  divided  this  arc  into  20  look  directions,  each 
representing  a  4°  sector.  The  range  extent  for  data  collection  was  limited  to  about  10  km.  With  a  150m  (1  ps 
pulse)  range  resolution,  there  were  1200  resolution  cells.  Excluding  those  resolution  cells  located  on  the  Ottawa 
River,  ground-clutter  data  from  approximately  600  resolution  cells  can  be  studied  in  detail.  Three  complete 
sets  of  clutter  data  were  collected  at  winds  speeds  of  3,  12,  and  25  mph  respectively.  The  DREO  data  were  not 
calibrated  in  terms  of  the  equivalent  radar  cross  section  coefficient. 

The  600  resolution  cells  were  classified  into  three  land— cover  categories  through  interpretation  of  ♦'igh 
resolution  aerial  photographs  of  the  DPEO  site:  type  1  —  urban,  type  2  —  agriculture  and  type  4  -  forested. 
Type  3  was  designated  as  rangelands;  however,  there  were  no  type  3  areas  at  the  DREO  site. 

The  urban  land  cover  included  residential  smd  commercial  buildings,  highways,  parking  lots,  terrain 
ridges  and  shore  lines.  The  agricultural  land  cover  included  mostly  fields  with  no  visible  trees  but  might  include 
field  boundaries  and  some  farm  buildings.  The  forested  areas  were  primarily  areas  with  trees.  There  were  108, 
109  and  387  resolution  cells  classified  as  having  urban,  agricultural  and  forested  land— covers,  respectively. 

The  advantage  of  the  DREO  data  is  that  it  allows  one  to  compare  ground— clutter  characteristics  Horn 
three  different  land  covers  at  diHerent  wind  speeds.  The  limitation  is  that  it  can  be  done  only  at  S— band  and  at 
horizontal  polarization. 

3.  Spectral  characteristics. 

3.1  Spectral  components  of  ground  clutter. 

Figure  1  shows  a  typical  X— band  ground-clutter  spectrum  obtained  by  averaging  thirty  periodograms. 
The  peri(^ogram8  were  computed  from  contiguous  1024-point  segments  of  a  30720— point  clutter  time  series 
using  a  BlacWan  window.  The  radar  parameters  for  the  clutter  time  series  are:  radar  frequency  =  9100  MHz, 
H-POL,  range  resolution  =  15  m,  PRF  =  500  Hz.  The  average  wind  speed  at  the  time  of  the  experiment  was 
approximately  20  knots. 
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Similar  spectral  shapes  were  observed  [3]  in  ground  clutter  at  other  frequencies.  In  most  cases,  the 
ground-clutter  spectrum  consisted  of  three  components,  (a)  a  coherent  component,  (b)  a  slow-diffuse 
component  and  (c)  a  fast-diffuse  component. 

(a)  Coherent  component. 

Coherence  factor  and  coherence  '  iterval. 

When  one  speaks  of  coherence,  it  is  necessary  to  specify  the  length  of  time  interval  over  which  a  signal  is 
coherent.  Consider  a  radar  which  transmits  a  coherent  pulse  train  of  N  pulses  at  a  fixed  direction  with  a  pulse 
repetition  interval  (PRI)  of  tp.  The  returns  from  a  resolution  cell  are  represented  by  a  complex  clutter  time 
series  {xn>  n=0,l,..,N— 1.  We  define  the  coherence  factor  (CF)  of  the  clutter  from  a  resolution  cell  as  the  ratio 
between  tne  coherent  component  and  the  total  clutter  power  computed  over  the  coherence  interval: 


n=o 


(1) 


The  number  of  pulses  N  together  with  the  system  PRI,  tp,  determine  the  coherence  interval  (N-tp). 

The  consideration  of  coherence  interval  is  essential  in  assessing  the  feasibility  of  emplopng  coherent 
clutter  maps  [4]  at  various  frequencies.  If  the  clutter  remains  coherent  by  the  time  the  radar  revisits  the  same 
resolution  cell,  the  coherent  component  can  be  subtracted  from  the  clutter  returns  of  subsequent  revisits, 
thereby  removing  a  substantial  amoimt  of  clutter  without  affecting  the  target  signal  that  might  be  present. 

(b)  Slow-diffuse  component. 

The  slow-diffuse  component  occupies  a  relative  narrow  region  around  zero  Doppler.  The  spectral  width 
of  this  component  is  a  function  of  the  radar  frequency  and  wind  speed.  The  magnitude  of  the  slow-diffuse 
component  relative  to  the  coherent  component  usually  decreases  with  decreasing  radar  frequency. 

One  significant  result  of  the  analysis  was  that  the  spectrum  of  the  slow— diffuse  component  was 
approximately  symmetrical  around  zero  Doppler,  and  that  its  spectral  density  decreases  (in  dB  scale)  linearly 
with  increasing  absolute  value  of  the  Doppler  shift. 

A  linearly  deaeasing  spectrum  in  dB  scale  suggested  that  the  spectral  density  mav  be  modelled  by  a 
negative  exponential  function.  This  relationship  was  reported  by  Billingsley  and  Larrabee  [2j  in  their  analysis  of 
spectrum  from  wind-blown  trees.  Our  analysis  of  the  clutter  data  in  agricultural  and  urban  areas  indicated  that 
the  exponential  model  was  also  valid  for  other  land  covets. 

At  moderate  wind  speeds,  the  slow-diffuse  component  of  ground  clutter  often  exhibits  a  piecewise  linear 
behaviour  as  a  function  of  Doppler.  That  is,  the  spectral  density  decreases  linearly  (in  dB  scale)  at  a  certain 
rate  up  to  a  certain  Doppler,  then  decreases  with  a  different  rate.  Figure  2  shows  such  a  spectrum  with  the 
following  parameters:  f=3230  MHz;  polarization=V;  range  re8olution=15m;  land  cover=forested;  nominal  wind 
speed=lS  knots. 

An  inspection  of  the  waveform  of  this  dntter  time  series  revealed  that  the  clutter  time  series  consisted  of 
periods  (which  lasted  for  seconds)  of  fairly  distinct  rates  of  fluctuation.  We  computed  the  spectra  using  the 
portion  m  the  time  series  that  corresponded  to  these  periods.  These  are  shown  in  f^rare  3.  In  each  case,  it  can 
be  seen  that  there  is  a  dominant  slow-diffuse  component  which  decreases  linearly  witn  Doppler  frequency.  Thus 
in  steady-state  wind  conditions  the  slow-diffuse  component  of  ground  clutter  may  be  modell^  as  a 
symmetrically  and  exponentially  decreasing  function  of  Doppler  frequency. 

(c)  Fast-diffuse  component. 

Figure  4  shows  an  S— band  ground-clutter  spectrum  which  contained  a  fast-diffuse  component.  The 
&st-diffuse  component  appeared  in  an  averaged  dntter  sp^rum  like  a  band-limited  noise;  however,  it  actually 
consisted  of  many  narrow  band  components  occurring  at  different  times.  We  examined  the  I-chaimd  waveform 
together  with  the  corresponding  spectra  of  the  S— band  ground-dntter  time  series  of  Figure  4.  These  are  shown 
in  Figure  5.  It  can  be  seen  that,  besides  the  usual  coherent  and  slow-di^se  components,  there  was  a  narrow 
spectral  component  on  each  side  of  sero  Doppler.  The  Dopjfler  shift  of  these  components  varied  with  time  as 
can  be  seen  fom  the  corresponding  spectra. 

The  &st-diffhse  component  could  be  localised,  ie.,  this  component  might  be  present  in  the  dntter  from 
one  resolution  cell  while  it  was  absent  in  the  dntter  of  the  nei^bouring  resolution  cells  during  the  same 
observation  interval.  The  fast-diffase  component  was  evident  only  at  relativdy  low  wind  speeds  and  its  spectral 
extent  had  the  same  order  of  magnitude  u  the  Doppler  shifts  that  correspond  to  the  prevailing  wind  speed. 

3.1.2  Relative  magnitudes  of  the  spectral  components. 

The  total  dntter  power  indnded  the  coherent  component  and  both  the  slow—  and  fast-diffuse 
components.  To  ^  a  first  order  estimate  of  the  relative  signincance  of  these  three  components,  we  integrated 
the  spectral  density  of  Figure  4  in  three  Do^er  recioas:  (a)  oflierent  componoit  at  sero  Doppler,  (b) 
slow-^ffhse  compraent  -€  Hs  to  -1-8  u,  exauding  tne  coherent  component  and  (c)  wt-diffuse 
component  from  -SO  Hs  to  -15  Hs  and  -1-15  Hs  to  -1-80  Hs.  we  normalised  the  power  of  the  diffiise  components 
with  respect  to  the  coherent  component.  The  slow—  and  fut-diffnse  components  were  estimated  to  be  -1.82  dB 
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and  -18.5  dB,  respectivdy,  below  the  coherent  component.  It  should  be  emphasized,  however,  that  the  relative 
magnitudes  of  these  components  were  dependent  on  the  land  cover  and  wind  speed. 

3.2  Low  angle  ground-clutter  spectral  model. 

3.2.1  Composite  model  for  ground  clutter  spectrum 

Based  on  the  above  observations,  we  can  postulate  that  the  spectrum  of  ground  clutter  comprised  three 
components: 

S(f)  =  C{f)  +  D«(f)  .  Df(f)  (2) 

s  f 

where  f  is  the  Doppler  frequency  and  C(fl,  D  (fl  and  D  (f)  are  the  spectral  densities  of  the  coherent,  the 
slow—  and  fast-diffuse  components,  respectively.  Tne  spectral  density  of  the  coherent  component  may  be 
modelled  as  a  delta  function  at  zero  Doppler  for  steady-state  wind  conditions.  The  delta  density  yields  the 
coherent  clutter  power,  C,  when  it  is  integrated  over  the  Doppler  domain. 

The  slow-diffuse  component  may  be  modelled  as  a  symmetrical  negative  exponential  function: 


D®(f)  =  D^expH^lfl) 


(3) 


with  the  superscript  s  designating  the  slow-diffuse  component. 

The  fast-diffuse  component  may  be  modelled  as  a  constant  density  function  over  a  limited  region  in 
Doppler. 

0^(f)  =  Do  |f|  <  fc  W 

=0  |f|>f^ 

where  fc  is  the  cutoff  Doppler  for  the  fast-diffuse  component,  usually  slight  less  than  the  Doppler  shift  of  the 
prevailing  wind  speed.  We  use  the  superscript  f  to  designate  the  fast-difiuse  component. 

Since  the  partial  spectra  representing  the  coherent  and  slow-diffuse  components  dominate  in  different 
Doppler  regimes,  parameter  k,  of  the  slow-diffuse  component  can  be  measured  separately.  Expressing  Eqn  (3) 
in  dB  scale,  we  have: 

D^(f)  =  10  log^o(D«)  -  10  logjo  (e)k^  |f|  (5) 

If  I 

A  symbolic  diagram  of  the  composite  ground-clutter  spectral  model  is  shown  in  Figure  6.  Since  the 
fast-diffuse  component  is  about  two  orders  of  magnitude  lower  than  the  slow— diffuse  component,  it  will  not  be 
considered  further. 

3.2.2  Model  Parameters  , 

For  a  simplified  clutter  spectral  model  which  comprises  only  the  coherent  and  slow-diffuse  components, 
the  pertinent  model  parameters  are  C,  D*  and  ks. 

Spectral  slope  of  the  slow-diffuse  component. 

Parameter  k,  is  related  to  kg  (Eq  fS))  which  is  the  slope  of  the  slow-diffuse  component  and  can  be 
measured  readily  usin|  linear  recession  witn  available  clutter  data  for  various  radar  frequencies  as  a  function  of 
wind  speed.  Figure  7  shows  the  slope  k/  of  the  slow-diffuse  component  at  various  frequency  bands  for  the 
clutter  from  a  small  forested  patch  at  Katididin  Hill  as  a  function  of  wind  speed.  High  resolution  data  were  used 
(ISm  for  X—,  S—  and  L-bands;  36m  for  UHF  and  VHFV  At  each  data  point,  the  standard  deviation  computed 
over  the  sample  space  is  also  shown.  The  sample  space  in  this  case  was  76  (resolution  cells). 

The  spectral  slope  calculated  above  it  in  terms  of  changes  in  spectral  density  per  unit  Doppler  shift  i 

(dB/Hs).  It  can  be  normalised  with  respect  to  the  Doppler  shift  pa  unit  velodtv  fl  m/tec)  at  each  lEreqnency 
to  teat  the  slope  it  in  terms  of  changes  in  spectral  de^ty  per  unit  velocity.  If  tne  clutter  spectrum  reflects 
accurately  the  distribution  of  scatterers  at  various  velocities,  then  one  would  expect  that  the  normalised  curve 
would  be  similar  for  various  frequencies. 

This  wu  observed  to  be  the  case  for  ftequendet  down  to  UHF;  but  a  significant  difference  wu  observed 
for  VHF.  fm  exam^,  since  the  ratio  between  the  radar  frequencies  at  UHF  (435  MHs)  and  VHF  (169  MHs) 
was  about  3.57,  we  espwted  that  the  spectral  slope  at  VHF  is  about  3.57  times  steeper  than  that  at  UHF.  At  a 
nominal  wind  speed  m  13  knots,  the  spectral  slo^  at  UHF  wu  about  -34  dB/Hs.  One  then  expected  to  see  a 
slope  of  -67  dB/Hs  at  VHF.  But  the  value  of  the  spectral  slope  at  VHF  obtained  from  Figure  7  at  13  knots  wu 
-51  dB/Hs  which  wu  significantly  different. 

There  could  be  many  o^anatiou  for  this  discrepancy.  An  imporiuit  foctoi  to  be  considered  is  the 
radtt  wav^ngth.  Fa  most  objects  on  the  ground,  there  is  only  a  limited  distance  in  which  they  can  travd. 

Bxamplu  of  tUa  ate  tree  leava  attached  to  a  brandies  and  small  branchu  attached  to  a  larger  branch.  At  { 

VHF  the  radu  wavdogth  is  in  the  ader  of  2  m.  Thu  the  rdative  contribution  to  the  dntter  spectrum  by 
objects  with  different  liimts  of  travd  could  be  very  different  than  those  at  higha  frequendu. 
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Parameters  C  and  Do  cannot  be  determined  independently  since  there  exists  a  complex  interrelationship 
among  these  two  parameters  which  depends  on  wind  speed  and  the  rdatiye  proportion  of  various  land  covers 
within  a  resolution  cell.  In  general,  the  coherent  component  may  include  returns  &om  fixed  objects  such  as 
large  buildings  and  heavy  but  flexible  objects  such  as  large  tree  branches  and  heavy  hydro  wires.  Returns  from 
buiWngs  will  remain  coherent  even  at  high  frequencies  over  a  long  time  interv^.  Returns  from  heavy  but 
flexible  objects  will  remain  coherent  at  very  low  wind  speeds.  However,  the  returns  become  incoherent  as  the 
wind  speed  increases  sufficiently. 

For  a  resolution  cell  with  high  rlutter-tcy-noise  ratio,  the  CF  gives  an  approximate  ratio  between  the 
coherent  component  and  the  sum  of  the  coherent  component  and  the  slow-ffiffiise  component.  Hence  given  the 
total  power  of  the  dutter  fiom  a  resolution  cell,  one  can  determine  C  and  Df  approximately  through  parameters 
CF  and  k,: 


CF  : 


_ C _ 

C  +J’  Dg  exp(-k,lf  |)df 


(6) 


The  CF,  however,  is  a  function  of  wind  speed  and  can  be  considered  only  statistically.  To  obtain  a 
reliable  statistical  profile  for  ground-dutter  spectral  modelling,  a  much  larger  data  base  with  detailed  ground 
truth  data  than  available  would  be  needed.  However,  we  shall  present  two  typical  profiles  of  CF  calculate  from 
data  of  Katahdin  Hill  and  those  from  the  DREO  sites.  These  results  are  not  meant  to  provide  modelling 
information  for  ground  dutter  spectra.  They  are  presented  to  dve  some  indication  of  t.he  relative  coherence  of 
ground  dutter  from  different  land  covets  and  at  ffifferent  radar  uequendes 

The  statistical  profiles  are  presented  in  terms  of  the  complementary  cumulative  distribution  of  the  CF  at 
various  wind  speeds.  Each  point  on  the  complementary  cumulative  distribution  curve  of  CF  determines  a  pair 
of  coordinates.  The  ordinate  gives  approximately  the  probability  of  finding  a  resolution  cell  with  a  dutter 
coherence  factor  greater  than  or  equal  to  the  value  of  the  absdssa  over  the  spedfied  coherence  interval.  The 
result  calculated  from  the  Katahdin  Hill  data  compares  the  profiles  of  CF  at  different  fiequendes  but  for 
forested  land  cover  only.  The  DREO  result  compares  the  profiles  of  CF  for  three  different  land  covers,  but  for 
S-band  only. 

Figure  8  shows  the  complementary  cumulative  distribution  of  the  CF  of  dutter  firom  the  small  forested 
patch  of  the  Katahdin  Hill  site  at  various  radar  frequendes.  The  coherence  interval  was  10  seconds.  Results  are 
shown  for  moderate  and  high  wind  speeds  for  high  resolution  X-band,  L-band,  UHF  and  VHP  data.  It  can  be 
seen  that  for  radar  fiequendes  above  L-band,  the  coherence  factor  of  the  dutter  was  very  small,  indicating  that 
the  dutter  was  essentially  incoherent.  However,  at  VHF,  the  dutter  coherence  factor  remained  high  for  most  of 
the  resolution  cells  even  at  relatively  high  wind  speeds. 

Figure  9  shows  the  complementary  cumulative  distributions  of  the  CF  for  dutter  from  urban, 
agricultural  and  forested  areas  at  the  DREO  site.  The  cohaence  interval  was  10  seconds.  At  low  wind  speeds 
(3  mph),  the  probability  of  finding  an  urban  resolution  cell  with  a  CF  greater  than  or  equal  to  90%  was  0.9.  At 
moderate  to  high  wind  speeds  (12  mph  or  higher),  this  probability  dropped  to  0.55,  still  very  high. 

For  agricultural  areas,  the  probability  of  finding  a  resolution  cell  with  a  CF  of  at  least  90%  was  about 
0.55  at  low  wind  speeds.  However,  it  reduced  to  values  of  0.3  and  0.1  as  the  wind  speed  increased  to  12  and  25 
mph,  respectively.  Results  for  forested  areas  were  similar  to  those  for  agricultural  areas,  except  that  the  CF 
decreased  more  rapidly  with  increased  wind  speed  compared  with  that  in  agricultural  areas.  At  moderate  to 
high  wind  speeds,  the  dutter  &om  most  forested  and  agricultural  cells  was  essentially  incoherent  at  S— band. 

The  results  of  Figure  8  and  9  ue  site-specific  and  cannot  be  used  as  accurate  modelling  information.  In 
Section  5.2  we  shall  discuss  means  by  which  modelling  information  can  be  obtained. 

4.  Temporal  statistics 

In  subsequent  discussions  of  tem^ral  statistics  of  ground  dutter,  we  shall  be  concerned  with  the 
probability  distribution  of  the  linear  magnitudes  of  the  clutter  envelope. 

4.1  Experimental  observation  of  temporal  ground-dutter  statistics. 

Analyses  of  both  the  Phase  I  and  DREO  data  [5]  showed  that  the  temporal  statistics  of  ground  dutter 
could  be  dassified  into  three  categories:  (a)  Rice,  (b)  Rayleigh,  and  (c)  nonstationary.  In  the  nonstation^ 
category,  there  were  two  cases:  (i)  predominantly  Ricean,  with  short  pmiods  of  Rayleigh  behaviour,  and  (ii) 
predominantly  Rayleigh,  with  short  periods  of  Ricean  behaviour.  Figures  10,  11  and  12  show  an  example  of  the 
above  cases. 

(a)  The  Ricean  Model 

The  Ricean  probability  density  function,  derived  by  Rice  [6]  &om  the  analysis  of  the  statistical  properties 
of  a  sine  wave  in  additive  noise,  is  given  by: 


where  A  is  the  amplitude  of  the  dne  wave, 

s  is  the  envdope  of  a  random  variable  representing  the  sum  of  the  sine  wave  and  a  complex  Gaussian 
noise  process  with  power  2r*-,  and 

Io(s)  is  the  modifi^  Bessel  fimction  of  the  first  kind  of  order  sero. 
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The  first  and  second  moments  of  a  Ricean  process  are  given  by  [6]: 


and 

<z’>  =  A»  +  2(r’  (9) 

respectively,  where 

I  (x)  is  the  modified  Bessel  function  of  the  first  kind  of  order  1. 

1 

(b)  The  Rayleigh  model. 

If  parameter  A  in  Eqn  (4)  is  set  to  zero,  the  Rayleigh  pdf  results: 

p(z)  =  exp  {-  -51  }  (10) 

j’  2(r’ 

The  first  and  second  moments  of  the  Rayleigh  distribution  are; 


and 

<z’>  =  2<r’  (12) 

respectively. 

A  Ricean  process  requires  an  estimate  of  both  the  first  and  second  moments  for  a  correct  threshold 
setting.  A  Rayleigh  process,  on  the  other  hand,  requires  only  one  parameter,  a,  for  its  characterization.  Hence 
it  is  attractive  from  the  standpoint  of  determining  the  proper  threshold  setting  for  a  specified  Pf^.  It  is  nsefiil  to 
have  some  information  regarding  the  relative  firequency  of  occurrence  of  these  two  types  of  clutter  processes  in  a 
given  surveillance  area. 

4.2  A  parameter  for  clutter  statistical  classification. 

A  convenient  parameter  which  can  be  easily  calculated  from  the  clutter  data  and  which  can  be  used  for 
classification  of  clutter  statistics  is  the  normalized  second  moment  of  a  random  process; 


a 


<z^> 

<z>’ 


(13) 


For  resolution  cells  with  high  clutter— to-noise  ratio,  parameters  A*  and  2v>  may  be  approximated  by  the 
coherent  and  the  slow— diffuse  components,  respectively.  For  a  Ricean  process,  substitution  of  Eqn  (8)  and  (9) 
into  (13)  and  using; 


y  =  =  1 

2ff’  2v* 

yields: 

j_  _  ^  _  r  exp[-(y-l)]  [y  I,(^)  ♦  (y-1) 
“  <z’>  4y 


(14) 


(15) 


A  plot  of  ^  as  a  function  of  y  is  shown  in  Figure  13.  A  value  of  y  =  1  represents  the  limiting  case  for  a 
Rayleigh  process  (A=0).  In  this  case  ^=r/4.  On  the  other  hand,  as  y  approaches  infinity,  P  approaches  unity. 
This  represents  the  case  of  a  large  coherent  component  or  a  diminishingly  small  diffuse  component. 

Consider  a  Ricean  process  with  a  first  moment  <z>  =  1  and  a  value  oip  =  0.8.  From  Eqns  (12),  (13) 
and  (14)  we  obtain  the  fdiowing  parameter  values  for  the  Ricean  model:  y  =  1.5,  A  =  0.6455  and  2r*  =  0.8333. 
If  one  wants  to  approximate  this  process  by  a  Rayleigh  process,  one  computes  the  Rayleigh  parameter  $  from 
^n  (8)  and  obtains  a  value  of  Vr  =  0.79788.  Using  these  values,  the  p^s  and  the  Pm  chuacteiistic  of  the 
Ricean  process  and  its  Rayleigh  approximation  are  plotted  in  Figure  14a  and  14b,  respecti'^y. 

It  can  be  seen  that  the  two  pdfs  are  very  close,  and  the  Pfa  characteristic  predicted  by  the  Rayleigh 
approximation  is  only  slightly  worse  than  that  c^cnlated  from  the  correct  (Ricean)  modd.  For  example,  at  a 
Pfa  of  10**,  a  tbeshdd  setting  of  Vt  :=  3.83  is  requited  for  a  Rayleigh  modd,  while  a  vdue  of  Vt  =  3.5  it 
cdculated  for  the  Ricean  modd.  In  subsequent  ditcuttions,  we  shall  da^fy  a  dutter  process  to  be 
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piedominaatly  Raylagh  if  the  value  of  0  is  less  than  0.8,  and  the  Vu  characteristic  is  close  to  that  of  the 
Rayleigh  model.  We  snail  call  a  Ricean  process  with  a  ^  <  0.8  weakly  Ricean. 

4.3  Statistical  classification  of  OREO  clutter  data 

In  this  section,  we  compare  the  statistics  of  three  sets  of  S— band  clutter  time  series  recorded  at 
progressively  higher  wind  speeds.  These  data  were  recorded  on  separate  days  in  February  of  1989.  The 
averaged  wind  speeds  for  the  three  sets  of  data  were  3, 12  and  25  mph  respectivdy. 

The  amplitude  histograms  of  these  sets  of  clutter  data  are  classified  against  the  Ricean  and  Rayleigh 
models,  and  the  results  are  tabulated  in  Table  3. 


Table  3:  Cla^fication  of  the  clutter  amplitude  statistics  for  the  OREO  clutter  data. 


land 

Cover 

Vind  Speed 

Total 

No.  of 
cells 

3  nph 

12  nph 

25  nph 

lice.  Rayl.  Others 

Rice.  Rayl.  Others 

Rice  Rayl .  Others 

1 

63  0  45 

40  9  59 

35  23  41 

108 

2 

78  3  28 

43  28  38 

24  45  40 

109 

4 

238  4  145 

175  92  120 

94  185  108 

387 

This  result  shows  the  effects  of  wind  speed  and  land  cover  on  clutter  amplitude  statistics.  For  urban  land 
cover  (Land  cover  type  1),  the  majority  of  the  resolution  cdls  ^d  clutter  amplitude  statistics  approximately 
fitting  the  Ricean  model.  That  is,  for  those  resolution  cells  which  had  been  classified  as  "others",  the  Pfa  vs 
threshold  curve  .  ts  closer  to  the  Ricean  model  than  to  the  Rayleigh  model,  and  the  value  of  the  parameter 
was  usually  greater  than  0.8.  As  the  wind  sp^  increasol,  the  number  of  cells  with  Rayleigh  and 
"nonstationary"  amplitude  statistics  increased.  Similar  results  were  obtained  for  agricultural  land  covers  (land 
cover  type  2). 

For  forested  land  cover  (land  cover  type  4),  we  observed  a  somewhat  different  result.  The  number  of 
resolution  cells  classified  as  "others"  actually  decreaMd  as  the  wind  speed  inaeased. 

Figure  15  shows  the  value  of  ^  as  a  function  of  resolution  cell  number  for  land  cover  type  1  (urban)  at  the 
DREO  site  for  three  different  wind  speeds.  At  an  averaged  wind  speed  of  3  mph,  the  majority  of  the  108 
resolution  cells  have  a  value  of  P  close  to  unity.  This  indicates  that  most  of  the  resolution  cells  in  an  urban  area 
had  clutter  that  was  predominantly  Ricean.  At  an  averaged  wind  speed  of  12  mph,  a  number  of  the  resolution 
cells  had  0  values  less  than  0.9,  and  some  even  approached  the  Rayleigh  limit  of  r/4.  However,  for  the  majority 
of  the  resolution  cells,  the  Ricean  distribution  was  the  best  model.  At  an  averaged  wind  speed  of  25  mph,  a 
slightly  increased  number  of  resolution  cells  with  predominantly  Rayleigh  statistics  was  observed. 

Figure  16  shows  the  value  of  ^  as  a  function  of  resolution  cell  number  for  land  cover  type  2  (agricultural). 
At  low  wind  speeds,  the  majority  of  the  resolution  cells  had  clutter  that  was  predominantly  Ricean.  At  higher 
wind  speeds,  the  majority  of  the  resolution  cells  had  clutter  that  was  predominantly  Rayleigh. 

Significantly  different  results  were  observed  for  forested  land  covers.  Figure  17  shows  the  value  of  ^  as  a 
function  of  resolution  cell  number  for  tvpe  4  (forested)  land  cover.  At  low  averaged  wind  speeds,  most  of  the 
resolution  cells  had  dntter  that  could  be  classified  as  predominantly  Ricean.  However,  there  were  still  many 
resolution  cells  with  a  P  value  below  0.95  which  indicated  that  the  coherent-to-diffuse  component  ratio  was 
low. 


At  moderate  wind  speeds,  the  number  of  resolution  cdls  with  P  values  dose  to  unity  decreased 
drutically,  indicating  that  the  dutter  in  more  resdution  cdls  wu  becoming  incoherent.  At  high  wind  speeds 
(25  mph),  most  of  the  resolution  cells  had  P  values  dose  to  r/4,  indicating  that  the  distribution  function  for 
dntter  in  most  of  the  resolution  cells  could  be  appropriatdy  modelled  as  a  R^ldgh  process. 

5.  Condnsions. 

5.1  Summary  of  results. 

(a)  Spectral  characteristics. 

(i)  Clatter  spectra  observed  by  a  ground-based  radar  comprised  a  coherent  component,  a  slow-diffuse 
compement  and  a  last-diffnse  comport.  The  coherent  component  wu  the  result  <A  radu  retunu  from 
immovable  objects  such  u  buildings,  highways,  mountaiu,  and  thou  from  movable  objects  (tree  branches,  etc) 
at  rest.  The  slow-diffuse  component  wu  the  consequence  of  motlou  of  objects  with  moderate  inertia  such  u 
tree  branches.  The  fut-diffau  component  occupies  a  Doppler  region  that  wu  compatible  with  the  Doppter 
shifU  d  the  i»evailiag  wind  speed  and  wu  most  Ukdy  the  result  sf  movements  in  fight  objects  such  u  tree 
leaves  and  other  vegetation.  v 

(iil  The  spectral  sh^  of  the  skw-diffuM  component  may  be  moddled  by  a  symmetrical  negative 
eeponentid  function. 

(iii)  The  fiut-diffue  component  bad  a  spectral  doaity  similu  to  a  band-limited  nolu  and  wu  transient 
in  nature.  The  magrritnde  ol  tUs  component  wu  nsualW  small  compared  to  the  ocAerent  emnponent  and  the 
slow-diffue  component.  At  high  wind  speeds,  the  fut-drSose  component  wu  generally  not  obsmvabte. 
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(iv)  We  did  not  observed  any  statistically  significant  effect  of  polarization  on  the  clutter  spectrum. 

Sv)  Powers  in  the  coherent  and  diffuse  components  could  transfer  back  and  forth  from  one  another  as 
speed  changes.  This  caused  the  coherence  factor  of  ground  clutter  to  vary  with  wind  speed.  The 
coherence  factor  was  also  a  function  of  the  radar  frequency.  At  VHP,  the  coherence  factor  remained  high  for  all 
land— covers  and  wind  speeds.  This  means  that  coherent  clutter  map  will  be  much  more  effective  at  lower 
fi'equencies  than  at  higher  frequencies. 

(vii)  Wind  direction  had  only  a  marginal  effect  on  the  spectral  slope  of  the  slow— diffuse  component.  The 
spectral  slope  of  the  slow— diffuse  component  was  slightly  smaller  in  the  up—  and  down— wind  directions  than  in 
the  cross-wind  direction.  The  difference,  however,  was  within  the  standard  deviation  that  can  be  expected  for 
clutter  observed  in  resolution  cells  with  the  same  wind  direction. 

(viii)  Clutter  spectra  observed  from  various  waveform  resolutions  ranging  ffom  15  m  to  150  m  did  not 
show  significant  differences.  However,  waveform  resolution  could  affect  the  distribution  of  the  coherence  factor. 

(b)  Temporal  amplitude  statistics. 

(i)  The  temporal  statistics  of  ground  clutter  were  best  modelled  by  a  Ricean  distribution  which 
sometimes  degenerated  into  a  Rayleigh  distribution.  The  relative  frequency  of  occurrence  of  fit  of  clutter  data 
to  the  two  mc^els  was  a  function  of  land  cover,  wind  speed,  radar  frequency  and  resolution; 

(ii)  At  any  given  time,  there  was  a  fraction  of  the  resolution  cells  in  a  surveillance  area  whose  clutter 
amplitude  exhibited  some  degree  of  nonstationarity.  Occurrence  of  nonstationary  statistical  behaviour  was  more 
Ukdy  in  forested  areas  and  was  associated  with  sudden  changes  in  wind  speed. 

(iii)  The  clutter  coherence  factor  was  an  important  parameter  in  ground-clutter  temporal  statistics.  A 
high  CF  value  is  associated  with  Ricean  statistics,  and  a  low  CF  value  is  associated  with  Rayleigh  statistics. 

5.2  Modelling  information  requirements. 

The  results  of  this  analysis  indicated  that  both  the  spectrum  and  the  temporal  amplitude  statistics  of 
ground  clutter  can  be  describe  very  well  by  relatively  simple  models.  In  both  cases,  the  coherence  factor 
played  an  important  role.  What  is  not  yet  available  is  the  statistical  information  which  relates  the  model 
parameters  to  physical  parameters  such  as  land  covers  and  wind  speeds.  Besides  wind  speed,  the  principal 
parameters  which  affect  both  the  spectral  and  temporal  statistical  characteristics  of  ground  clutter  are  radar 
frequency,  waveform  resolution,  and  land  cover.  The  distribution  of  the  clutter  coherence  factor  over  an  area 
was  site^ependent  on  account  of  the  mixing  of  data  from  different  categories.  For  example,  trends  of  the  CF 
obtained  from  resolution  cells  with  mixed  agricultural  and  forested  land  covers  would  be  significantly  different 
from  those  from  areas  of  pure  forested  land  cover.  The  distribution  of  CF  could  also  change  with  seasons.  For 
example,  in  winter  most  deciduous  trees  would  be  stripped  of  leaves,  and  the  effect  of  wind  on  the  motion  of  the 
tree  branches  could  be  different  from  that  in  the  summer.  Consequently,  modelling  information  should  be 
categorized  according  to  these  parameters  and  collected  over  many  sites. 

5.3  AppUcations 

Although  information  for  the  modelling  of  temporal  characteristics  of  ground  clutter  is  still  incomplete, 
some  of  the  results  can  already  be  utilized. 

(a)  Adaptive  clutter  filter. 

Using  the  spectral  model,  the  spectral  extent  of  the  ground  clutter  can  be  estimated  once  the  wind  speed 
is  known.  This  permits  the  use  of  adaptive  clutter  filters  which  have  a  variable  cutoff  frequency  depending  on 
the  prevailing  wind  speed.  Improved  sub-clutter  visibility  may  be  obtained  for  targets  with  low  but  non  zero 
radial  velodues. 

(b)  Coherent  clutter  maps 

The  coherent  clutter  map  is  the  simplest  way  to  utilize  a  priori  spectral  information  of  ground  clutter  to 
improve  detection  performance  in  resolution  cells  with  a  high  coherence  factor.  A  high  coherence  factor  permits 
the  coherent  cancellation  of  large  ground  clutter  retnms  without  affecting  the  target  signal  even  for  targets  with 
zero  radial  velocity.  The  coherence  factor  of  clutter  from  urban  areas  is  high  for  most  radar  frequencies.  Since 
the  clutter  coefficient  for  resolution  cells  with  predominantly  urban  land  covers  (buildings)  is  usually  much 
higher  than  those  of  other  land  covers,  canc^ng  the  coherent  component  in  clutter  returns  from  these 
resolution  cells  will  substantially  improve  detection  performance  for  applications  such  as  dvil  airport 
surveillance. 

From  the  results  of  this  analysis,  the  coherent  clutter  map  will  not  be  effective  for  X-  and  S-bands  for 
land  cover  other  than  pure  urban  areas.  At  lower  frequencies,  the  coherent  clutter  map  concept  becomes 
practical  even  for  land  covers  other  than  pure  urban  areas.  The  coherent  clutter  map  sho^d  be  implemented 
with  a  imn-mechanically  scanned  antenna  such  as  a  phased  array. 

(c)  Predictive  coherent  dutter  map 

dO 

An  extension  of  the  coherent  duttei  map  concept  is  the  predictive  coherent  dutter  map.  That  is,  we 
analyse  the  ground-dntter  spectra  for  various  land  covers  and  wind  conditions.  Predictive  modds  are  then 
derived  and  catalogned  from  the  observed  clutter  spectral  characteristics.  The  modd  will  be  used  to  estimate 
tlte  ground  dutter  amplitude  and  phase  from  ea/^  resolution  cell  for  the  next  revisit  time,  bared  on  put 
observed  samples.  The  estimate  would  be  subtracted  coherently  from  the  actual  return.  If  the  estimate  is 
accurate,  tlw  nddual  dutter  should  be  significantly  lower  than  the  original  dutter  sample  without  affecting 
tuget  components  that  may  be  present.  A  good  canmdate  is  the  autorogresiive  modd  [7]  which  hu  many  of  the 
attributes  that  chuacterise  radar  ground  dutter.  * 
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The  piedictioa  of  a  random  process  requires  adequate  sampling  (at  Nyquist  rate)  of  the  process.  This 
could  require  that  the  time  of  revisit  to  a  resolution  cell  be  reduced.  Again  a  electronically  scanned  antenna  will 
offer  more  flexibility.  More  research  is  needed  to  determine  the  feasibility  of  the  predictive  clutter  map 
approach,  the  achievable  performance  improvement  and  the  operational  requirements. 
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8.  niustrations. 


Note:  Since  not  all  clutter  data  were  calibrated  (in  terms  of  m^),  the  spectral  densities  are  shown 

relatively  in  dB  scale. 


DOPPLER  FREQUENCY  (Hz) 


DOPPLER  FREQUENCY  (Hz) 


Figure  1.  A  typical  X-band  greund-cluttar  apaetrum. 


Figure  2.  A  typical  S-band  ground-clutter  apectruro. 


Flgiwa  3.  variation  of  the  apactral  atopa  of  the  alow  dtffuaa 
cempenant  over  an  obaarvatlon  Interval. 


Figure  4.  Awaragad  apaetrum  of  an  S-band  ground-cluttar 
tlma  aarlaa  containing  faat-dlffuaa  eomponant. 
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Figure  5.  Waveform  and  sectional  spectra  of  the  S-band 
ground-clutter  time  series  of  Figure  4. 
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Figure  6.  Symbolic  diagram  of  a  ground-clutter 
spectral  model. 


Figure  7.  Spectral  slopes  ot  the  slow-diffuse  component 
at  various  frequency  bands  -  from  a  small 
forested  patch  at  Katahdin  Hill. 


Figure  8.  Complementary  cumulative  distributon  of  CF  for 

clutter  from  a  email  forested  patch  at  Katahdin  Hill. 


y 


Figure  13.  Parameter  fl  a.  a  function  of  y. 


Figure  12.  An  examole  of  non-stationary 
ground-clutter  statistiea. 


PROBABILITY  DENSITY 


2-12 


AMPLITUDE  (LINEAR) 


(a)  Probability  density  function. 


(b)  Probability  of  false  alarm. 


Figure  14.  Comparison  of  a  weakly  Ricean  process  with  a  Rayleigh  approximation. 


Figure  15.  Scatter  plots  of  parameter  p  for  S-band  clutter  from  urban 
areas  at  the  DREO  site. 
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Figure  16.  Scatter  plots  of  parameter  ^  for  S-band  clutter  from  agricultural 
areas  at  the  DREO  site. 
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Figure  17.  Scatter  plots  of  parameter  p  for  S-band  clutter  from  forested 
areas  at  the  OREO  site. 
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DISCUSSION 


G.  Nelnlnger  IGE)  ; 

Concerning  spectral  distribution  diagrams  (which  are  excellent  also  at  the  near  carrier 
range  I )  :  what  was  the  phase  noise  behaviour  of  the  used  measuring  equ'pment  ?  Was  it 
taken  into  account  ? 

Author's  reply  ; 

Both  the  phase  I  and  the  DREO's  S-Band  radars  were  coherent  radars.  The  phase  noise 
characteristics  for  both  radars  were  very  good  :  however.  I  do  not  have  the  precise 
technical  data  concerning  phase  noise  of  the  equipment.  If  the  bandwidth  of  the  phase 
noise  is  wider  than  the  PRF.  then  it  can  be  considered  as  white  noise.  The  inter-pulse 
stability  of  the  phase  was  Improved  by  taking  a  sample  of  the  transmit  pulse  phase  and 
using  it  to  correct  for  any  drift  from  pulse  to  pulse. 


Do  you  see  any  sensitivity  to  polarization  in  the  coherency  factor  data  ? 

Author's  reply  ; 

There  is  some  sensitivity  but  it  seems  to  be  of  second  order  and  less  important 
compared  to  effects  caused  by  changes  In  wind  speed. 


1  -  What  distinguishes  calibrated  from  non- calibrated  data  ? 

2  -  Most  Lincoln  Lab  data  were  taken  In  Canada.  Could  you  say  what  is  peculiar  about 
these  data  ;  type  of  vegetation,  frozen  ground,  etc...  ? 

Author's  reply  ; 

1  -  We  used  the  term  "calibration"  to  describe  the  process  of  transforming  the  raw 
clutter  data  which  were  sampled  from  the  radar's  analog  -  to  -  digital  converter,  into 
the  equivalent  radar  cross  section  in  m^.  The  process  Involves  the  two-way  radar 
equation  which  accounts  for  system  parameters  such  as  gain,  transmit  power  and 
range,  etc...  The  MIT  Lincoln  Labs'  phase  11  data  were  calibrated,  while  the  DREO  data 
were  not, 

2  -  When  the  phase  I  experiment  was  planned  at  Lincoln  Laboratory,  there  was  a  variety 
of  land  covers  which  was  of  particular  Interest.  These  areas  were  more  readily  available 
in  Canada  because  the  country  is  still  sparsely  populated  and  negociatlon  with  property 
owners  for  the  use  of  their  land  could  be  more  easily  arranged. 
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Summary  ;  The  detection  of  targets  in  a  land  clutter  background  is  a  problem  for  most  ground-based 
and  airborne  puIse-Doppler  radars.  Understanding  how  land  clutter  behaves  can  lead  to 
modified  clutter  suppression  techniques  for  improving  radar  target  detection  performance. 
This  paper  presents  a  model  of  land  clutter  which  has  been  validated  against  a  number  of 
different  land  types  observed  at  different  frequencies.  The  characteristics  of  the  clutter  which 
limit  target  detection  are  discussed. 


1  INTRODUCTION 

The  modelling  of  the  clutter  environment  is  of 
critical  importance  to  the  radar  designer  who  has  to 
ensure  that  the  detection  capabilities  of  the  radar 
system  designed  are  maintained  in  all  foreseeable 
scenarios.  A  coherent  pulse-Doppler  radar,  which 
uses  Doppler  processing  to  extract  target  radial 
velocity  and  to  suppress  clutter,  requires  knowledge 
of  the  statistics  of  the  clutter  fluctuations  in  each 
Doppler  channel.  By  anticipating  the  behaviour  of 
the  clutter  background,  thresholds  may  be  set  at  the 
outputs  of  these  Doppler  channels  so  that  design 
false-alarm  rates  can  tc  achieved. 

Backscatter  from  the  ground  presents  problems 
to  ground-based  or  look-down  airborne  radar 
systems  that  attempt  to  detect  targets  of  interest 
submerged  in  such  a  background. 

Models  of  the  clutter  environment  allow 
investigation  of  signal  processing  architectures  and 
algorithms  for  determining  their  clutter  suppression 
capabilities  and,  hence,  detection  performance. 
Improvements  to  current  suppression  techniques 
can  then  be  suggested. 

This  paper  outlines  a  statistical  model  of  land 
backscatter  as  applied  to  a  coherent  pulse-Doppler 
radar.  The  model  has  been  based  on  recorded  data 
provided  by  Lincoln  Labs,  of  MIT.  The  recordings, 
acquired  at  numerous  »tes  in  North  Amerii^  were 
collected  as  part  of  a  study  undertaken  by  Lincoln 
Labs,  to  characterise  land  backscatter 
measurements  at  low  grazing  angles.  The 
recording  covered  a  number  of  distinct  landcover 
and  landfonn  types.  Also,  certain  radar  operational 
parameters,  such  as  carrier  frequency,  range 


resolution  and  polarisation,  were  varied  from 
recording  to  recording  to  determine  how  these 
affected  the  clutter  characteristics. 

The  clutter  model,  presented  in  the  next  section, 
regards  individually  the  statistical  behaviour  of  the 
temporal  and  spatial  fluctuations  of  the  clutter,  as 
was  the  approach  taken  by  |4]  for  sea  clutter.  This 
approach  has  led  to  a  compound  model  for  sea 
clutter  from  which  detection  probabilities  can  be 
readily  calculated.  A  compound  model  of  ground 
clutter  is  given  here.  The  implications  of  this  model 
on  target  detection  is  then  discussed. 

2  CLUTTER  MODEL 

The  clutter  model  presented  in  this  paper  has 
been  developed  based  on  low-pazing  angle  clutter 
measurements  taken  at  a  number  of  sites  in 
Canada.  The  sites  analysed  in  the  study  are 
tabulated  below  in  Table  1 ; 


Site 

Landcover 

Landform 

Beiseker 

Cropland 

Undulating 

to 

Hummocky 

Big  Grass  Marsh 

Wetland 

Level 

Brazeau 

Forest 

Undulating 
to  Ridged 

Picture  Butte 

Cropland 

Undulating 

Wainwright 

Forest 

Undulating 

Table  1 


e 


1991  GEC-Marconi  Limited 
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The  measurements  were  calibrated  to  give 
absolute  values  of  RCS.  Measurements  were 
acquired  at  sites  over  a  number  of  range-azimuth 
cells.  TTiey  were  recorded  usii^  a  number  of 
transmitter  wavelengths,  ranging  from  VHP 
(170  MHz)  to  S-band  (3.24  GHz)  and  X-band 
(10  GHz),  as  weU  as  either  vertical  or  horizont^ 
polarisation.  In  addition,  the  pulse  duration  varied 
so  that  range  resolutions  of  15  m,  36  m  and  150  m 
were  avail^le. 

Marked  differences  in  the  clutter  chvacteristics 
res^ting  from  the  use  of  VHP  frequencies  as 
opposed  to  S  or  X-band  frequencies  were  observed 
and  these  are  discussed  in  the  following  sections. 

In  the  measurements  used  for  the  temporal  and 
spatial  analysis  of  the  clutter  the  number  of  pulses 
recorded  per  range  gate,  available  for  processing, 
was  of  the  order  of  1000,  with  an  effective  PRP  of 
15.625  Hz.  This  gives  hi^  quality  information  on 
the  temporal  behaviour  of  the  clutter  in  each  of  a 
small  number  of  range  gates. 

Por  the  validation  of  the  model  via  Doppler 
processing  (section  2.4),  measurements  with 
32  pulses  transmitted  in  each  of  a  larger  number  of 
range  gates  were  made,  with  PRPs  varying  from 
62.5  Hz  to  93.75  Hz.  This  gives  good  spatial 
description  of  the  clutter,  together  with  realistic 
Doppler  resolution. 

Por  both  analysis  and  validation,  range  cells 
from  a  single  azimuth  direction  were  chosen. 

The  temporal  and  spatial  characteristics  of  land 
clutter  have  been  separately  modelled  using  the 
clutter  measurements.  They  are  separately 
^scussed  below. 

2.1  Temporal  Behaviour 

Various  sources,  e.g.  [1],  have  attempted  to 
describe  the  contributions  of  scattering  energy 
from  a  typical  resolution  cell  illuminating  a  patch 
of  land  as  coming  from  two  distinct  sources  : 
energy  being  received  from  a  large  number  of 
small  moving  scatterers  with  dimensions  of  the 
order  of  a  wavelength  (i.e.  those  that  fall  in  the 
Resonance  region)  ana  energy  from  a  number  of 
larger,  relatively  stationary,  scatterers  with 
dimensions  greater  than  a  wavelength.  These  two 
components  shall  be  called  the  random 
component  and  the  steady  component 
respectively. 

The  energy  from  the  random  component 
fluctuates  within  a  train  of  pulses  (dwell)  as  the 
scatterers  are  displaced,  by  turbulence  for 
example.  There  is  usually  pulse-to-pulse 
correlation  of  the  returns  relating  to  the  internal 
motion  of  the  clutter,  the  degree  of  which,  as 
received  by  the  radar,  is  dependent  on  the  radar 
wavelengtn  and  the  PRP. 


A  proportion  of  the  scatterers  observed  in  a 
resolution  cell  will,  generally,  be  stationary  over 
the  dwell  duration  ^n  fact  over  several  dwell 
durations).  The  returns  are  specular,  that  is  the 
radar  waveform  is  reflected  back  from  these 
scatterers  viith  a  random  phase  which  remains 
constant  over  the  dwell.  Ine  amplitude  of  the 
scatterers  within  the  dwell  is  assumed  to  be 
completely  correlated  from  pulse-to-pulse. 

Statistically,  the  random  component  behaves 
in  the  classical  fashion  of  a  Gaussian  process 
where  there  are  a  large  number  of  independently 
fluctuating  scatterers  within  a  resolution  cell.  This 
comes  from  the  Central  Limit  Theorem  [6y  This 
constraint  may  be  broken  if  the  number  of 
scatterers  in  a  cell  becomes  small,  as  may  be  the 
case  when  small  resolution  cell  sizes  are  used. 

Por  the  resolution  sizes  used  in  the  clutter 
recordings,  this  constraint  is  not  expected  to  be 
broken.  Por  a  coherent  pulse-Doppler  radar  the 
statistics  of  the  random  component  received  in 
each  of  the  Inphase  and  Quadrature  channels  are 
Gaussian. 

Supplementary  to  the  returns  from  these  two 
clutter  components  is  uncorrelated 
complex-Gaussian  system  noise. 

Mathematically,  the  total  interference  return 
from  a  resolution  cell  may  be  given  by  : 

2-2,  +  2,  +  Z„  . (1) 

where  2,,  2,  and  2„  are  the  complex  returns  from 
the  random  component,  steady  component 
and  system  noise  respectively 

Each  of  these  terms  may  be  individually 
defined : 


random : 

'  '  r2 " 

. (2) 

steady : 

2,  =  a.e^* 

. (3) 

noise : 

. (4) 

where  vj'’,  v^'^^are  Gaussian  random  variables 
describing  the  random  component  in  the  I 
and  Q  channels,  respectively 

v(") _  are  Gaussian  random  variables 
describing  the  system  noise  in  the  I  and  Q 
channels,  respectively 

a,  and  a,  are  the  mean  amplitudes  of  the 
random  and  steady  component  scattered 
energy  in  a  pulse,  respectively 
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a„is  the  mean  system  noise  amplitude 


<t>is  the  phase  of  the  steady  scatterers, 
constant  over  a  dwell 

The  mean  amplitudes  of  the  scattering 
components  and  the  phase  of  the  steady 
component  each  vary  spatially,  from  range  gate  to 
range  gate.  The  characteristics  of  t^  and  other, 
spatiaTbehaviour  will  be  discussed  in  detail  in  the 
next  section. 


The  temporal  correlation  in  the  random 
component  may  be  exhibited  by  examining  its 
Power  Spectral  Density  (PSD).  The  amount  of 
correlation  is  reflected  in  the  width  of  the  PSD  as 
measured  at  some  defined  level  below  the  peak. 
Commonly  held  theory  states  that  the  PSD  of 

f  round  clutter  best  fits  a  Gaussian  function  [7]. 

rom  the  clutter  recordings  analysed  this  has  not 
been  found  to  be  generally  true.  It  has  been 
found  to  obey  consistently  a  double-sided 
exponential  tunction ; 


1 


(5) 


where  /  is  frequency 

u;is  the  (power)  spectrum  width 

The  wavelength  affects  not  only  the  RCS  of 
the  scatterers  and,  hence,  the  total  scattered 
energy,  but  also  the  spectral  spread  u;of  the 
scattered  energy.  Moving  scatterers  impart  phase 
modulation  on  the  reflected  RF  carrier.  With 
large  displacemcrts  relative  to  the  wavelength, 
this  produces  a  broad  Doppler  spectrum  of  the 
form  described  by  equation  (5).  For 
displacements  less  than  a  wavelength  the 
spectrum  width  and  amplitude  decreases  in 
proportion  to  the  displacement  to  wavelength 
ratio.  The  RCS  of  steady  scatterers,  on  the  other 
hand,  is  generally  independent  of  wavelength. 

The  RCS  of  typical  moving  scatterers,  such  as 
leaves  and  crops,  is  wavelengui  dependent.  For 
wavelei^hs  greater  than  the  scatterer 
dimensions  the  ^tterers  are  in  the  Raylei^ 
region  and  their  RCS  diminishes  in  proportion  to 
the  wavelength.  At  microwave  frequenaes  (e.g.  S 
and  X-I»nd)  both  the  dimensions  and  the 
displacements  of  moving  scatterers  are 
comparable  to  a  wavelength  and,  hence,  broad 
Doppler  spectra  with  signiflcant  energy  are 
expected.  Conversely,  at  VHF,  where  dimensions 
and  uisplaccmcnts  are  less  than  a  wavelength, 
narrow,  low  energy  spectra  are  expected. 


Figure  1  presents  examples  of  forest  clutter 
PSDs  evaluated  for  a  number  of  data-sets 
acquired  at  Wainwright  at  four  different  radar 
frequencies :  VHF,  1^  S  and  X-bands.  The  PSD 
of  returns  in  each  of  a  number  of  range  gates 
\wre  estimated  using  a  70  dB  weights  Impulse 
FFT  and  then  averaged  spatially.  The  frequen^ 
(horizontal!  axis  is  normalised  to  the  PRF  whilst 
the  power  (vertical)  axis  is  in  dBW. 

Clutter  at  the  short  wavelengths  display  broad 
Doppler  spreading  as  expected.  As  the 
wavdengtn  increases  the  spread  and  energy 
decreases,  so  that  at  VHF  there  is  purely  a  spike 
at  zero  relative  Doppler.  The  PSD  of  the  random 
component  is  found  to  be  of  the  double-sided 
exponential  form  (^.  The  contribution  from  the 
steady  component  is  observable  from  the  spike  at 
zero  Doppler.  Thermal  noise  is  present  in  varying 
levels  in  each  recording. 

The  total  single-pulse  statistics  of  the 
interference  power,  where  the  complex  return  is 
pven  by  (1),  can  be  shown  to  be  described  by  a 
squared-Rice  distribution : 


(6) 


where  x  - 1  z  | ^is  a  random  variable  describing 
the  interference  power  statistics. 

/  ois  a  modified  Bessel  function 

Strictly  speaking,  this  p^  (6)  is  conditional  on 
the  mean  clutter  power  vmich,  as  discussed  later, 
is  spatially  varying. 

As  the  radar  beam  illuminates  clutter  in 
different  range-azimuth  cells  the  statistics  will 
change  from  cell  to  cell  since  the  contribution  of 
each  scattering  type  to  the  total  backscatter  will 
vary.  The  change  m  the  distribution  (6)  can  be 
shown  by  plottmg  the  moments  of  the  distribution 
from  each  range  gate  and  observing  the  variation. 
The  two  simplest  moments  that  can  be  estimated 
are  the  mean  and  standard  deviation.  The 
standard  deviation,  however,  is  highly  dei^ndent 
on  the  scale,  so  a  more  sensible  measure  is  the 
normal^d  standard  deviation,  called  by  [6]  the 
"coefficient  of  variation"  and  in  this  paper  tne 
"shape  parameter",  V : 


K- 


(7) 


where  is  the  Standard  Deviation  of  the 
sample  set  {x} 
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^  I  (  x)  is  the  mean  value  of  {x} 

The  statistical  distribution  described  by  (6) 
has  the  property  that  as  the  steady  power 
diminishes  (i.e.  as  *  0 )  the  shape  parameter 
tends  to  a  value  of  1,  denoting  an 
exponential-power  distribution,  i.e.  a 
Ra^eigh-amplitude  distribution.  On  the  other 
hand,  as  the  random  component  disappears  (i.e. 
as  a r  and  a,  »  0  )  the  shape  parameter  tends  to  a 
value  of  0. 

figure  2  plots  the  shaTC  parameter  for  each 
range  cell  of  a  and  S-oand  forest  clutter 
data-set  acquired  at  Brazeau.  By  obsenring  the 
variation  in  shape  parameter  values  with  range 
we  can  deduce  that  the  contribution  of  each 
component  of  the  clutter  to  the  total,  or  equally 
the  ratio  of  the  two,  changes.  This  implies  that 
the  statistics  of  the  clutter  in  each  range  cell  are 
changing,  so  emphasising  the  spatial  variation  of 
the  dutter  which  is  discussed  in  the  next  section. 

The  squared-Rice  distribution  (6),  which  is  a 
general  model  of  the  temporal  statistics  of  the 
dutter  power,  has  been  found  to  be  riolated  in 
some  experimental  data.  This  may  occur  when 
few  scatterers  are  illuminated  in  a  resolution  cell, 
althoi^  this  has  not  been  fully  investigated. 

2  J  Spatial  Behaviour 

Although  Hgure  2  depicts  the  spatial 
behaviour  of  the  dutter  power  it  conceals  the 
spatial  variation  in  each  of  the  random  and  steady 
components  which  are  not  immediately  available 
from  the  shape  parameters  plotted. 

Clutter  power  varies  within  a  dwell,  from 
pulse  to  pulse,  because  of  the  mtemal  motion  of 
the  clutter.  To  investigate  the  spatial  behaviour  of 
the  dutter  this  temporal  variation  may  be  ignored 
by  observiim  the  mean  power  in  each  dwell 
Naturally,  the  physical  ^ribution  and  the 
number  of  scatterers  in  a  range  cell  varies  from 
range  ceU  to  range  cell  so  tlmt  adjacent  cells  have 
difrerent  mean  power.  This  is  particularly 
accentuated  if  tne  dimensions  of  the  range 
resolution  cells  are  small  in  relation  to  the 
scatterers. 

Empirical  observations  of  the  spatial  variation 
in  mean  dutter  power  has  been  ot^rved  in  sea 
dutter  ({2],[3j),  both  in  coherent  and 
non-coherent  radars.  Statistical  modelling  of  the 
spatial  behaviour  in  sea  clutter  has  resulted  in  a 
compound  model  of  the  overall  dutter  statistics 
involving  both  temporal  and  spatial  behaviour, 
riving  the  well-known  K-distnbution  model 
From  this,  thresholds  for  maintaining  a  design 


false-alarm  rate  and  the  related  detection  loss  as 
compared  to  using  Rayleigh-amplitude  thresholds 
have  been  determmed. 

In  ground  dutter  there  is  a  spatial  variation  in 
the  returns  due  to  the  natural  variation  in  the 
physical  form  of  the  terrain  as  well  as  due  to  the 
di^bution  of  scatterers  in  the  radar  coverage. 
Even  analysing  dutter  data  taken  at  the  lo^ 

150  m  range  resolution  some  spatial  variation  has 
been  observed.  This  variation  has  been  observed 
in  the  Lincoln  Labs,  clutter  data-sets  studied  as 
well  as  in  other  land  dutter  measurements, 
eg.  [5]. 

The  spatial  variation  in  the  mean  power  of 
each  component  of  land  dutter  can  be  seen  for 
each  data-set  by  examining  range  profiles  which 
show  the  estimated  mean  powers  for  each  of  a 
number  of  range  gates.  This  has  been  performed 
on  a  number  of  data-sets  as  shown  in  Figures  3a 
and  3b.  Range  profiles  of  the  mean  steady  and 
random  power  are  shown  for  two  X-band 
data-sets,  one  from  Big  Grass  Marsh  (marshland) 
and  one  from  Wainwright  (forest). 

Several  observations  can  be  made.  The  power 
in  each  component  is  seen  to  vaiy  significantly 
from  range  cell  to  range  cell  as  the  landcover  and 
landform  varies.  The  extent  of  this  variation  is 
different  for  each  data-set.  In  addition  to  this 
there  is  a  well-defined  empirical  relationship 
between  the  mean  power  m  the  steady 
component  and  the  mean  power  in  the  random 
component  in  each  range  cell : 

Ar-kA,  . (8) 

This  coupling  may  be  better  visualised  by 
scatter  plots  of  steady  power  vs  randomjpower,  as 
shown  in  Figures  3c  and  3d,  for  theproffles  of 
Figwes  3a  and  3b.  Each  point  si^nes  a 
particular  range  cell.  Linear  relationships  may  be 
ascertained  from  the  scatter  plots.  These 
illustrate  that  the  ratio  of  steady  power  to  random 
power  remains  roughly  constant  over  all  range 
gates  considered. 

This  is  somewhat  predictable  since,  in  nature, 
the  distribution  of  slowly-moving  or  stationary 
scatterers  and  rapid  moving  scatterers  are 
generally  related.  This  is  b^use  the  smaller 
moving  scatterers  are  likely  to  be  anchored  to  the 
stationary  scatterers.  An  example  is  a  forest 
where  the  number  of  leaves  illuminated  depends 
on  the  number  of  tree  trunks  present.  The 
argument  can  equally  be  apphed  to  other 
landcover  types  as  implied  by  Figure  3.  Indeed  it 
also  applies  at  different  radar  frequencies  as 
obser^  in  the  measurements.  In  fact,  the  linear 
coupling  has  been  observed  qualitatively  in  most 
of  the  clutter  data-sets  analy^.  This 
phenomenon  obviously  fails  at  VHF  frequencies 
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where  the  RCS  of  the  random  component  is 


In  IHgures  3a  and  3b  range  profiles  of  the 
mean  power  in  the  steady  and  random 
components  were  plotted  and  shown  to  vary  with 
range.  The  spectrum  width,  which  depicts  the 
degree  of  temporal  correlation  of  the  random 
component  within  a  dwell,  can  also  be  estimated 
from  returns  in  each  range  cell.  Range  profiles  of 
spe<lrum  width  can,  hence,  be  plott^  and  its 
spatial  behaviour  observed  in  the  same  way  as 
with  the  mean  clutter  power,  figures  3e  and  3f 
display  rang^rofiles  of  spectrum  width  for  the 
data-sets  of  I^gures  3a  and  3b.  The  range 
variation  is  evident  in  these  examples,  as  well  as 
in  others  studied  (except  at  VHF  where  spectrum 
vddth  is  indeterminable). 

Modelling  of  the  spatial  statistics  of  these 
three  clutter  parameters  -  mean  random  power, 
mean  steady  power  and  spectrum  width  -  requires 
insight  into  the  distribution  of  values  that  may  be 
observed.  Sample  histc^ams  facilitate  this  by 
providing  a  picture  of  the  distribution  of  values 
observed  in  a  collection  of  data-points.  These  are 
also  called  sample  probability  density  functions 
(sample  pdfs),  llie  data-points  in  this  context  are 
the  parameter  values  estunated  for  each  range 
cell. 

Figure  4  plots  the  sample  distribution  of  the 
three  clutterparameters  ror  the  forest  clutter 
data-set  of  F^:ure  3.  Qualitativety  the  (Ustribution 
of  random  and  steady  powers  show  a  similar 
statistical  law  whilst  that  of  the  spectrum  width  is 
markedly  different. 

These  curves  suggest  a  generic  statistical 
model  which  can  encompass  the  spatial  statistics 
of  the  mean  power  and  spectrum  width,  namely 
the  Gamma  distribution : 

-  € 

. 

Y  r(v) 

/.(m)--; .  . (10) 

XT(a) 

where  f  pip)  is  the  pdf  of  the  random  or  steady 

power 

/.(w)is  the  pdf  of  the  spectrum  width 

V  and  a  are  order  parameters 

Y  and  X  are  scale  parameters 


The  sample  pdfs  of  the  mean  random  and 
steady  powers  suggest  that  a  Gamma  Distribution 
with  order  parameter  v  <  1  is  an  appropriate 
model  for  Uie  spatial  statistics  of  these 
parameters.  In  fact,  because  of  the  coupled 
nature  of  these  parameters  as  previously 
discussed,  the  order  parameter  for  both  should  be 
identical,  whilst  the  scale  parameters  will 
generally  differ.  In  practice,  as  shown  by  the 
spread  of  points  in  the  scatter  plots  of  steady 
power  vs  random  power,  the  estimated  steaay 
and  random  shape  parameters  will  not,  in 
general,  be  the  same. 

The  sample  pdfs  of  the  spectrum  width 
suggest  that  a  Gamma  Distribution  with  order 
parameter  a  >  1  is  more  appropriate  to  describe 
its  spatial  statistics. 

Supplementary  to  the  stochastic  processes 
which  describe  the  spatial  variation  of  the  clutter 
there  are  underlying  correlation  processes  which 
affect  these  statistics.  As  shown  by  the  range 
profiles  in  Figure  3  the  clutter  varies  with  range. 
However  the  profiles  are  not  range  independent. 
There  is  a  de^ee  of  correlation  tetween 
contiguous  range  cells.  This  is  because  local 
clutter  scatterers  have  similar  behaviour, 
espedally  when  high  radar  range  resolution  is 
us^. 

This  aspect  of  the  clutter  can  affect  the 
performance  of  spatial  non-coherent  integration 
procpses,  such  as  CFAR  processing,  which 
reqmres  the  range  samples  bemg  mtegrated  to  be 
independent  over  the  extent  of  tne  processing 
mterval. 

The  demee  of  correlation  observed  in  most  of 
the  ground  flutter  data-sets  analysed  is  small 
enough  to  lye  largely  ignored.  Tim  is  obviomly 
qualified  b>'  the  statement  that  other  clutter  t^s 
and  resolution  cell  sizes  may  alter  this  fact. 

2  J  Detection  performance 

The  implicatiom  of  the  Non-Raylei^  models 
of  sea  clutter  on  target  detertion  is  weU 
documented.  The  spatial  variation  is  such  that,  to 
maintain  design  falw-alarm  rates,  thresholds 
need  to  be  set  hi^er  than  is  necessa^for 
classical  Rayleim-amplitude  clutter.  This  implies 
that  there  is  a  dkection  loss  imposed  by  the 
higher  thresholds. 

Non-Ra]4eigh  models  can  be  applied  to 
coherent  radars  that  employ  Doppler  processing 
for  clutter  suppression  and  target  separation.  In 
ground  clutter,  the  spatial  variation  of  spectrum 
width  implies  that  the  clutter  statistics  are  not  the 
same  in  eadi  Dealer  channel  because  different 
Doppler  channels  will  eidiibit  different  degrees  of 
clutter  power  variation. 
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The  effect  of  the  spatial  variations  in  the 
clutter  on  the  statistics  of  each  Doppler  channel 
may  be  shown  by  the  "shape  spectrum".  The 
shape  spectrum  is  similar  m  concept  to  a  mean 
power  spectrum  which  displays  estimates  of  the 
power  in  a  number  of  Doppler  channels, 
averaged  in  range.  A  shape  spectnim  displays  the 
estimate  of  the  shape  parameter  in  each  Doppler 
channel,  where  the  shape  parameter  is  evaluated 
from  the  ctmnnel  outputs  m  range.  Tfre  shape 
spectrum  provides  a  simple  and  succinct  meaiu  of 
^termining  vdiich  channels  have  greater  spatial 
variation  in  power  output  and,  hence,  whidi 
require  greater  thresholds  to  maintain  an  overall 
design  false-alarm  rate. 

The  form  of  the  shape  spectrum  is  dependent 
on  the  characteristics  of  the  clutter.  Before 
discussing  this  it  is  necessary  to  understand  how 
the  shape  spectrum  attains  its  form.  The  coupling 
of  the  mean  power  of  the  steady  and  random 
component  causes  the  clutter  s^pe  parameters, 
as  due  to  mean  power  variation,  to  be  the  same  in 
each  Doppler  channel  (i.e.  the  statistical 
distributions  are  the  same,  notwithstanding  the 
differences  in  scaleV  The  spectrum  width 
variation,  on  the  otner  hand,  has  a  more  complex 
effect  on  the  variation  in  eadi  channel.  This  is 
best  shown  by  an  idealised  picture  which  depicts 
what  happens  to  the  outputs  of  Doppler  channels 
when  the  spectrum  width  varies  spatially. 

Figure  5  shows  that,  as  the  spectrum  width 
varic^  the  power  levels  in  the  Doppler  channels 
in  which  the  tails  of  the  PSDs  are  located  display 
greater  variation  than  do  those  in  channels  closer 
to  dc.  Shape  parameters  can  clearly  be  seen  to  be 
greatest  in  the  channels  where  the  tails  of  the 
m^vidual  I^Ds  dominate.  Unquestionably  the 
degree  of  spatial  variation  of  the  spectrum  width 
plays  an  important  role  in  this  as  too  does  the 
level  of  the  noise  floor  since  this  determines 
where  the  tails  of  the  clutter  PSD  in  each  range 
cell  are  defined.  Both  the  magnitude  of  the 
channel  shape  parameter  values  and  the  location 
of  the  maximum  shape  parameters  are 
determined  by  these,  and  other,  factors. 

2.4  Validation  with  Recorded  Clatter  Data 

The  model  described  in  this  paper  has  been 
encapsulated  in  software  which  allows  complex 
landbackscatter  returns  to  be  simulated.  By 
performii^  identical  coherent  Doppler 
processing  it  is  possible  to  validate  the  model 
against  recorded  clutter  data. 

The  stochastic  nature  of  the  clutter  means  that 
(mly  ensemble  behaviour  can  be  observed  for 
comparisons.  In  the  previous  section  the  mean 
power  spectrum  and  shape  spectrum  obtainable 
from  a  dutter  data-set  provra  to  pve  a  concrete 


picture  of  the  understanding  of  the  problem  of 
setting  thresholds  in  a  ground  clutter 
environment  to  maintam  desired  false  alarm  rate. 

Consequently  these  have  been  used 
extensively  to  provide  means  of  comparisons  of 
the  model  with  recorded  data  and,  hence,  to 
provide  the  necessary  validation.  The 
measurements  used  for  this  purpose  are  different 
in  nature  to  those  hitherto  a^ysed.  These  have 
been  recorded  with  32  pulses  per  dwell  over  a 
large  number  of  range  gates.  This  gives  more 
accurate  estimation  of  the  spectra.  Moreover, 
they  reflect  the  realistic  Doppler  resolutions  that 
most  operational  pulse-Doppler  radars  employ. 

Numerous  clutter  measurements  have  been 
Doppler-processed,  using  a  SO  dB 
Dolph-Chebyshev  weighted  32-pulse  FTT.  From 
this,  mean  power  spectra  and  shape  spectra  have 
been  evaluated.  For  each  such  data-set  a  number 
of  parameters  characterising  the  clutter,  as 
required  by  the  model,  have  been  estimated,  via 
numerous  techniques.  Consequently,  simulated 
clutter  returns  have  been  generated  which  have 
been  processed  identically  to  the  associated 
recorded  data. 

Figure  6  displays  comparisons  of  mean  power 
and  shape  spectra  for  some  X-band  forest  and 
cropland  clutter.  Discussing  initially  the  forms  of 
the  spectra,  the  mean  power  spectra  can  clearly 
be  seen  to  accord  with  (5).  The  shape  spectra 
exhibit  the  characteristic  form  as  described  in  the 
previous  section  with  higher  power  level 
variations  in  those  channels  dominated  by  the 
tails  of  the  clutter  PSDs. 

Comparing  the  spectra  of  recorded  and 
simulated  returns  one  can  see  that  qualitatively  as 
weU  as  quantitatively  the  power  spectra  and  the 
shape  spectra  match  well  so  implying  that  these 
characteristics  of  the  clutter,  which  affect 
detection  performance,  are  effectively  modelled. 

3  CONCLUSIONS 

A  general  statistical  model  of  land  backscatter, 
which  models  the  temporal  and  spatial  fluctuations 
of  the  clutter,  has  been  developed,  and  has  been 
shown  to  accommodate  different  clutter  types 
acquired  by  radars  employing  different  operational 
parameters.  By  comparisons  of  the  mean  power 
spectra  and  shape  sfwctra  of  recorded  data  and 
simulated  data  the  model  has  been  shown  to 
emulate  the  characteristics  of  ground  clutter  that 
limit  pulse-Doppler  radar  detection  performance. 

In  addition  to  the  effect  of  the  spatial  variation 
of  the  mean  power  of  the  clutter,  spatial  variation 
of  the  spectrum  width  has  been  ob^rved.  It  may 
play  an  important  p^  in  limiting  target  detection, 
espedally  m  those  Doppler  channels  where  there  is 


little  clutter-to-noise.  Compensation  for  this,  in 
terms  of  setting  thresholds  hi^er  than  the  classical 
Ra^ei^-amphtude  threshold  required  to 
mamt^  the  same  overall  false-alarm  rate, 
therefore  signifies  that  some  detection  loss  must  be 
accepted. 
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Mean  power  spectral  density  for  forest  clutter  at  four  different  radar  frequencies,  as  a  function  of 
Donnaused  frequency. 


Figure  2  Shape  parameter  for  forest  clutter  at  two  dilTcrcnt  radar  frequencies,  as  a  function  of  range. 
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Figure  3  Random  (solid  line)  and  steady  (dotted  line)  power  for  a)  Wetland  and  b)  Forest  clutter  at 
X'band,  as  a  function  of  range. 

c)  and  d)  are  scatter  plots  of  steady  power  vs  random  power  for  a)  and  b)  respectively. 

e)  and  0  ve  plots  of  spectrum  width  as  a  function  of  range  for  the  wetland  and  forest  clutter  of 
a)  and  b)  respectively. 
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Figure  6  Comparison  of  mean  power  spectral  density  of  recorded  data  (dark  bars)  with  simulated  data 
(light  bars)  for  a)  Forest  and  b)  Cropland  dutter  at  X-band. 

c)  and  d)  mve  comparison  of  shape  spectra  for  the  forest  and  cropland  dutter  of  a)  and  b) 
respective^. 


DISCUSSION 


H.  Chan  (CAl : 

What  Insights  led  you  to  choose  the  Gamma  distribution  to  represent  the  variation  of 
mean  power  and  the  spectral  width  ? 

Author'a  reply : 

I  chose  the  gamma  distribution  for  three  reasons.  One.  it  is  a  mathematically  tractable 
model  to  use.  Secondly,  it  suitably  models  non-negative  random  variables  which  is 
necessary  for  modelling  near  powers  and  spectral  widths.  Thirdly,  it  offers  a  tie-in  with 
the  K-distrlbutlon  model  of  sea  clutter,  of  which  much  work  has  been  done  relating  to 
radar  detection  performance. 
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SUMMARY 

The  problem  of  determining  the 
electromagnetic  (EM)  power  received  by  an 
antenna  located  over  foliage  covered  rough  terrain 
in  a  bistatic  scattering  geometry  is  important  and 
quite  complex.  A  model  has  been  developed  which 
can  quantitatively  determine  the  effect  of  a  foliage 
layer  on  EM  waves  scattered  from  rough  terrain. 
The  theoretical  approximations  obtained  from  this 
mode;  are  compared  with  data  at  two  levels;  the 
loss  in  penetrating  the  foliage  and  the  total 
normalized  scattering  cross  section  a°. 

In  the  model,  a  transmitting  antenna  and 
receiving  antenna  are  located  at  arbitrary  heights 
and  locations  over  a  surface  with  two  scales  of 
roughness  covered  by  a  foliage  layer.  Both  the 
coherent  and  incoherent  power  scattered  into  the 
receiver  are  calculated.  It  is  assumed  that  the 
foliage  is  sufficiently  sparse  that  the  coherent  field 
is  dominant  over  the  incoherently  scattered  waves 
within  the  medium.  The  propagation  of  the 
coherent  field  in  the  foliage  is  characterized  by  an 
“effective”  complex  dielectric  constant,  e*.  Explicit 
expressions  for  t*  have  been  determined  from 
several  multiple  scattering  formalisms  and  are 
based  on  the  dielectric  properties  of  the  scattering 
elements  comprising  the  foliage,  i.e.  wood,  leaves, 
blades  of  grass. 

The  coherent  field  from  the  transmitting 
antenna  is  ray  traced  through  the  foliage  layer 
down  to  the  underlying  surface.  The  waves  which 
are  scattered  from  the  rough  surface  are  then  ray 
traced  upward  through  the  foli^e  layer  into  the 
receiving  auitenna.  It  is  assumed  that  there  are  no 
multiple  interactions  between  the  waves  scattered 
from  the  two  layers,  that  the  scattering  processes 
for  the  two  media  are  statistically  independent,  and 
that  only  amplitude  (no  phase)  information  is 
needed  for  the  incoherent  waves  scattered  from  the 
rough  surface  upward  through  the  foliage. 

The  results  of  this  theoretical  modeling  are 
compared  with  experimental  data  at  two  levels. 
First,  the  effective  dielectric  constants  for  a  foliage 
environment  were  used  to  calculate  the  attenuation 


constants  of  coherent  waves  propagating  through  a 
dense  forest.  The  attenuation  constants  given  by 
the  model  were  compared  with  data  taken  at 
200MHz,  500MHz  and  SOOMhz,  resulting  in  good 
agreement.  Then,  the  entire  bistatic  scattering 
model  was  used  to  calculate  an  effective  normalized 
scattering  cross  section  (t°  for  a  sod  field,  grass  and 
forest  covered  terrain.  This  was  compared  with  L- 
band  data  resulting  in  excellent  agreement  between 
theory  and  experimental  data. 

1.  INTRODUCTION 

There  have  been  numerous  invesiigations 
of  the  scattering  of  electromag.  tic  (EM)  waves 
from  foliage  and  foliage  covered  rough  surfaces  [1 
through  16].  One  of  the  earliest  models  [10]  for 
scattering  from  foliage  covered  rough  surfaces 
consisted  of  the  simple  addition  of  the  scattering 
cross  sections  of  the  vegetation  layer  and  the  rough 
surface.  This  model  suffers  from  the  inadequacy  of 
accounting  for  the  influence  of  the  vegetation  layer 
on  the  rough  surface  scattering  process.  Another 
early  model  for  describing  EM  scattering  from 
vegetation  was  developed  by  Peake  [10].  In  this 
model,  the  vegetation  is  represented  by  long,  thin 
dielectric  cylinders,  arranged  randomly,  but  having 
preferred  vertical  orientation.  This  model  does  not 
account  for  multiple  scattering  and  scattering  from 
a  rough  surface  lying  underneath  the  vegetation. 

In  almost  all  of  the  models  which  consider 
propagation  through  and  scattering  from  vegetation 
alone,  use  is  made  of  the  experimental  fact  that  the 
volume  fraction  occupied  by  the  foliage  is  usually 
less  than  5%,  i.e.  the  foliage  is  sparse  [1,12,14]. 
Another  assumption  made  in  the  modeling  of  the 
propagation  through  and  scattering  from  foliage  is 
that  the  scattering  from  the  interconnects  between 
leaves  and  branches  and  leaves  and  stalks  is 
neglected.  As  pointed  out  by  Brown  [11],  this  is  a 
good  assumption  since  the  component  elements  of 
foliage  are  much  better  absorbers  of  EM  energy 
than  scatterers  of  EM  energy  in  the  frequency  range 
of  interest  here  (500MHz  to  3GHz). 
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Based  upon  the  assumptions  mentioned 
above,  there  have  been  numerous  attempts  to  solve 
for  the  EM  fields  scattered  from  foliage.  References 
[9],  [12],  and  [15]  give  extensive  lists  of  relevant 
work.  Most  of  these  studies  treat  the  foliage  as  a 
continuous  medium,  with  the  propagation  of  the 
waves  governed  by  an  effective  dielectric  constant, 
c*  [12,14].  This  approach,  which  is  used  in  this 
paper,  is  liiniled  by  the  low  frequency  constraint 
that 

1)-L<0.5  ,  (1) 

where  A  is  the  free  space  EM  wavelength  and  L  is 
the  characteristic  dimension  of  a  foliage  element 
(leaf  or  branch). 

The  continuous  medium  approach, 
characterized  by  an  effective  dielectric  constant, 
may  be  analyzed  by  solving  the  wave  equation  with 
a  fluctuating  (random)  dielectric  constant  using 
various  approximation  techniques.  Some  of  these 
techniques,  whose  results  will  be  used  in  this  paper, 
include  the  average  T-matrix  approximation 
(ATA),  the  coherent  potential  approximation 
(CPA),  the  effective  medium  approximation 
(EMA),  and  the  self-consistent  approximation 
(SCA).  These  methods  will  be  briefly  summarized 
in  Section  2,  and  are  discussed  in  detail  in 
references  [12]  and  [15]. 

It  will  be  mentioned  that  there  have  been 
at  least  two  notable  attempts  to  overcome  the  low 
frequency  limitations  of  the  continuous  medium 
approach:  the  work  of  Lang  and  Sidhu  [9]  and 
Brown’s  investigation  [11].  Lang  and  Sidhu  used 
the  Foldy-Twersky  [7]  scattering  theory  to  model 
the  scattering  from  a  foliage  layer  over  a  flat  earth. 
However,  it.  is  not  clear  how  Lang  and  Sidhu’s  work 
would  be  extended  to  include  a  rough  earth  surface. 
In  Brown’s  [11]  analysis,  the  field  incident  on  a 
foliage  layer  is  converted,  inside  the  foliage,  to  a 
n\ean  field  and  a  (small)  fluctuating  field.  The 
mean  field  is  calculated  using  the  Foldy-Twersky 
[7]  scattering  theory  and  the  fluctuating  field  is 
calculated  from  an  exact  integral  equation  using  a 
distorted  wave  Born  approximation.  These  fields 
are  then  incident  upon  a  rough  surface,  giving  rise 
to  surface  currents.  The  surface  currents  are 
determined  by  solving  the  Magnetic  Field  Integral 
Eiquation  using  iterative  techniques.  After 
determining  these  surface  currents,  the  fields  which 
propagate  back  up  through  the  foliage  layer  may  be 
calculated  by  again  splitting  them  into  a  mean 
field  component  and  a  fluctuating  component. 
Multiple  reflections  within  the  foliage  layer  are 
neglected,  only  a  single  up-and-down  passage  is 
considered.  The  foliage  and  rough  surface  are 
assumed  to  be  statistically  independent  physical 
entities. 


In  this  paper,  following  Blankenship  [12],  multiple 
scattering  between  different  foliage  elements  is  not 
neglected,  i.e.  between  different  leaves  and  between 
leaves  and  branches.  The  analysis  is  somewhat 
similar  to  Brown’s  [11]  approach,  with  the 
exception  that  the  propagation  of  EM  waves 
through  the  foliage  is  characterized  by  an  effective 
dielectric  constant  given  by  the  coherent  potential 
approximation  (CPA).  A  transmitting  antenna 
and  receiving  antenna  are  located  over  a  surface 
with  two  scales  of  roughness  that  is  covered  by  a 
foliage  layer.  Both  the  coherent  and  incoherent 
power  scattered  into  the  receiver  are  calculated. 

The  model  assumes,  for  this  paper,  only  in-plane 
scattering;  there  is  no  out-of-plane  aziumthally 
dependent  scattering.  Waves  are  launched  from  the 
transmitting  antenna  down  to  the  foliage  covered 
terrain.  Ecich  ray  from  the  transmitting  antenna  is 
treated  ais  a  plane  wave  whose  amplitude  is 
weighted  by  the  pattern  factor  of  the  transmitting 
antenna.  Each  wave  in  the  angular  spectrum  of 
plane  waves  emanating  from  the  transmitter  is  ray 
traced  through  the  foliage  layer  down  to  the  rough 
surface,  is  reflected,  and  then  ray  traced  back  up 
through  the  foliage  layer  and  into  a  bistatic 
receiving  antenna.  Only  the  mean  value  of  the 
electric  field  (coherent  part)  is  ray  traced  down 
through  the  foliage  layer.  The  coherent  wave 
reflected  from  the  rough  surface  is  ray  traced  back 
up  through  the  foliage  layer  and  is  amplitude 
weighted  by  the  pattern  factor  of  the  receiving 
antenna.  Also,  the  diffuse  EM  energy  reflected 
from  the  rough  surface  is  composed  of  an  aneular 
spectrum  of  waves,  each  of  which  is  ray  traced  up 
through  the  foliage  layer,  suffers  some  attenuation, 
and  is  then  amplitude  weighted  by  the  pattern 
factor  of  the  receiving  antenna.  The  bistatic 
system  may  also  be  studied  in  a  monostatic 
scattering  mode.  In  this  investigation,  the 
theoretical  model,  with  appropriate  rough  surface 
parameters,  is  used  to  predict  an  effective 
normalized  cross  section  o-”  which  is  then  compared 
with  some  experimental  data.  This  comparison  is 
made  for  four  terrain  types:  a  sod  field,  a  grass 
covered  field,  a  forest  and  a  flooded  forest.  The 
agreement  between  the  theoretical  model  and  the 
data  is,  in  general,  quite  good. 

2.  THEORETICAL  MODELS  FOR  EFFECTIVE 
DIELECTRIC  CONSTANTS  OF  FOLUGE 

This  section  presents  a  brief  review  of  the 
theoretical  models  which  lead  to  expressions  for  an 
effective  dielectric  constant  e*  of  foliage  media,  as 
discussed  in  Blankenship  [12]  and  Tamasanis  [14]. 
Subject  to  the  constraints  stated  in  the 
introduction,  the  use  of  an  effective  dielectric 
constant  (*  permits  a  heterogeneous  mixture  of 
random  scattering  elements  to  be  treated  as  a 
homogeneous  medium. 


The  transition  operator  T  is  used  as  a  basis 
for  the  various  approximations  in  multiple 
scattering  formalisms.  Maxwell’s  equations  are 
written  as, 


— ►  m  *  I  — » 

V-(foE)+E(V^o)EV-(XijE)=0,  (2) 

.=1  i=i  J 


V  X  E  =  0  ,  (3) 

where  (3)  is  a  quasi-static  approximation.  There 
are  m  constituents  and  Nj  is  the  number  of 
scatterers  of  the  i^^  type.  Here,  is  the  volume 
fraction  of  the  i*'^  type  of  scatterer,  x  is  a  spatial 
parameter  and  is  the  support  of  the  scatterer 
of  type  i,  where. 


X  in  scatterer  of  type  i 
otherwise  ^  ^ 


The  two  relationships, 

D(x)  =  f(x)E(x)  , 


(Dfx))  =  (-•  E  ,  (6) 

define  r*  where  <  •  >  denotes  ensemble  average. 
Expressing  Eq.  (2)  in  operator  form, 


(1-0+  M)E  =  0 
where, 

1-0=’^  •  (to  ■ )  - 


M  —  M  j  -t-  .  .  .  +  M  m  , 


Vx  E  =  0 


=  E  V. 


V.j-(vto)-V(,Xij(-))  ■  (8c) 

The  T  matrix  may  be  defined  as, 

T  =  (Lo  +  M)"‘M  .  (9) 

After  considerable  algebraic  manipulation,  and 
expanding  the  T  matrix  in  a  power  series  and 
neglecting  higher  order  multiple  interaction  terms, 
an  expression  for  (*  may  be  determined  in  terms  of 
expectation  values  of  the  T  operator  and  the 
dielectric  constant  (Lax  [5],  Blankenship  [12]).  In 
addition,  if  it  is  a^umed  that  there  is  only  a  single 


class  of  embedded  scatterers  (m=:l)  and  the 
scatterers  are  spherical  in  shape,  the  following 
approximation  for  e*  may  be  obtained  [12,14]: 


(0  + 
1 


where. 


(<)  -  (1  -  Pi)fo  +  Pi«i  •  (11) 

For  low  volume  fractions,  the  average  T-matrix 
approximation  (ATA)  may  be  written, 

('2) 

This  approximation  is  good  only  for  small  volume 
fractions  p  <  0.01  and  neglects  interparticle 
scattering  interactions. 

In  the  coherent  potential  approximation 
(CPA),  the  difference  between  the  field  exciting  the 
medium  and  the  average  field  is  neglected 
[12,14,15,16].  A  reference  dielectric  constant  Cj-  is 
introduced  into  Maxwell’s  equations,  and  is  later 
chosen  to  simplify  (optimize)  the  equations  for  (*: 

V-(€rE)+  EEV-  (£,-£o)XiiE)  + 

In  operator  notation,  this  is  written  as, 

(Lr+Mr)E  =  0  ,  (14) 

where, 

Lr=V(tr)  ,  (15a) 


Mr=  E  EVJ,  , 

■=1  7=1 


V!,=  V. )  +  (.^)v.  .  (,5c) 

The  T  matrix  in  this  approximation  is  defined  as, 

TJ,  =  (Lr  +  .  (16) 
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After  much  algebraic  manipulation,  an  expression 
for  f*  may  be  determined  in  terms  of  ij,  and 
expectation  values  of  the  dielectric  constant  and 
the  matrix.  This  expression  for  c*  greatly 
simplifies  if  ([  is  chosen  so  that  [12,14,15,16], 

m  N. 

<  E  >  =  0  (17) 

.=1  j=i 

This  CPA  model  requires  that. 


^0  ' 

3<r 


3fr+f.-fQ 


(18) 


The  general  expression  for  f*  obtained  by  solving 
the  operator  equation  (14)  is. 


wliere. 


(|^<.)(^)-  "’I 


ni 

p  =  t.  p, 

1=1 

W  hen  only  one  class  of  eml>edded  scatterer  is 
considered  (m=l)  and  the  .scatterers  are  very  small, 
Kqs.  (18)  and  (19)  combine  to  give  the  Cf’A  for  <*; 


Then,  an  implicit  functional  relationship  may  be 
obtained  for  e*  [12,14,16]; 


1  I  0  “ 

^  ^H3f(eo;fi.Pj)+ei-eo 


■  (22) 


Numerical  evaluation  of  Eq.  (22)  requires  the  use  of 
an  iterative  algorithm  which  has  not  yet  been 
developec'.  Therefore,  results  from  the  SCA  are  not 
presented  in  this  paper  but  may  be  the  subject  of 
future  efforts.  There  are  theoretical  reasons  to 
conclude  that  the  SCA  method  will  give  the  most 
accurate  representation  for  c*  [12]. 

It  is  possible  to  extend  the  case  of  one 
embedded  scatterer  in  a  host  medium  (m=l)  to  the 
case  of  several  embedded  scatterers  in  a  host 
medium  (m  >  2)  by  using  an  iterative  procedure. 
W'hen  a  background  medium  Cq  contains  two 
clas-scs  of  embedded  scatterers  and  c^,  the 
effective  dielectric  constant  of  the  medium  can  be 
defined  as  c *(<Q;f ],pj/(i  -  p^)).  This  recursive 
technique  is  found  to  work  well  for  two  embedded 
scatterers  when  the  volume  fractions  p  and  p  are 
small. 


f((o-(^,p  :e2,pj 


(23) 


foi'^i  +  ^fo)'  7 

111  the  effective  medium  approximation 
(P-M.A),  proposed  by  Elliot  et  al  [13],  a  two-phase 
material  was  considered  in  which  the  two  phases 
fill  all  of  space  and  there  is  no  distinction  between 
a  host  medium  and  embedded  particles.  In  the 
EMA  mcxlel,  the  equation  for  <♦  may  be  written 


The  Self-Consistent  Approximation  (SCA) 
is  readily  derived  from  the  CPA  by  letting  the 
reference  dielectric  constant  Cp  in  Eq.  (19)  be  equal 
to  the  effective  medium  dielectric  constant  c*. 


Figures  (1)  and  (2)  are  plots  of  the  real 
part  and  imaginary  part  of  e*  versus  the  volume 
fraction  occupied  by  wood  (p  )  for  a  hardwood 
(oak)  forest  and  a  softwood  (fir)  forest, 
respectively.  The  volume  fraction  of  leaves  Pj  was 
taken  to  be  10%  of  the  total  volume  fraction  of  a 
typical  density  forest  [14],  which  is  consistent  with 
what  has  been  reported  in  the  literature,  i.e.  p^  = 
0.1%.  The  conditions  correspond  to  summer  with 
an  ambient  air  temperature  of  25“C.  The  signal 
frequency  is  1.3GHz  (L-band).  Because  of  the 
relatively  lew  volume  fractions  p^  and  p^,  the 
AT  A,  CPA  and  EMA  models  all  agree  to  within  a 
few  percent.  Also,  as  noted  by  Tamasanis  [14], 
these  values  agreed  with  the  experimental  data 
reported  in  the  literature  when  the  volume  fractions 
are  less  then  5%.  Fortunately,  volume  fractions  of 
foliage  above  5%  do  not  often  occur  in  nature. 

3.  SIMULATION  OF  BISTATIC  SCATTERING 
FROM  FOLIAGE  COVERED  TERRAIN 

In  the  introduction,  it  was  explained  how 
the  scattering  model  consists  of  a  transmitting 
antenna  and  receiving  antenna  located  at  arbitrary 
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heights  over  a  surface  with  two  scales  of  roughness 
covered  by  s  foliage  layer  (  Fig.  3  ).  In  the  angular 
spectrum  of  plane  waves  emanating  from  the 
transmitter,  each  coherent  wave  is  ray  traced  down 
through  the  foliage  layer,  is  reflected  from  the 
rough  surf^lce,  and  the  coherent  wave  is  ray  traced 
back  up  through  the  foliage  layer  and  into  the 
receiver.  The  incoherent  power  scattered  from  the 
foliage  is  neglected  because  the  foliage  is  sparse. 
There  is  an  angular  spectrum  of  plane  waves  due  to 
the  diffuse  power  (partially  coherent)  reflected  from 
the  rough  surface.  '  1. 1  these  waves  is  ray 

traced  back  up  th.'-ou^!'.  the  foliage  layer  and  into 
the  receiver  (see  Fig.  4).  The  numerical  procedure 
consists  of  breaking  up  the  foliage  free-space 
interface  into  jA  patches,  where  A  is  the  EM  free 
space  wavelength.  The  model  also  includes  the 
reflection  of  the  coherent  incident  rays  from  the  top 
of  the  foliage  layer  and  the  reception  of  those 
reflected  waves  by  the  receiving  antenna,  using 
Fresnel's  plane  wave  reflection  coefficients. 

In  the  ray  tracing  technique,  each  ray  in 
the  foliage  layer  is  represented  as, 

E=  ^  •exp(j-^-^-z)  ,  (24) 

where  Eg  is  the  amplitude  of  the  incident  electric 
field  and  z  is  the  path  length  in  the  foliage.  At  the 
foliage-free  space  interface,  Snell's  law  is  used  to 
determine  the  direction  of  the  refracted  ray: 


to  a  small  (A/5)  patch  on  the  ground. 

Frj  is  the  Fresnel  reflection  coefficient  of  the 
patch  of  the  foliage  layer  above  the  ground 
for  either  vertical  or  horizontal  jxilarizction. 
k  =  2tr/A- 

Z|j  is  the  path  of  the  incident  ray  in  the  foliage 
from  the  patch. 

Z2j  is  the  path  of  the  reflected  ray  in  the  foliage 
towards  the  patch. 

cr^s  the  normalized  cross  section  of  the  rough 
surface  where; 

p  is  the  transmitter  polarization  and, 
q  is  the  receiver  polarization. 

Aj  is  the  area  of  the  small  patch  on  the 
ground. 

Gf  is  the  angular  dependent  gain  (El-Field)  of  the 
receiving  antenna. 

R2j  is  the  distance  from  the  receiving  antenna  to 
a  small  (A/5)  patch  on  the  ground. 


The  sum  in  Eq.  (26)  is  over  all  the  small  patches 
on  the  foliage  free-space  interface  where  the 
transmitting  antenna  patterns  and  receiver  antenna 
patterns  have  significant  contributions. 

The  two-scale  normalized  cross  section  <7° 
is  written  as  the  sum  of  a  large  scale  physical  optics 
(PO)  cross  section  and  a  small  scale  perturbation 
method  (PM)  cross  section  (Ruck  et  al  [10]): 

‘^”pq(PO)  +  .  (27) 


sinffj  =  Re^'^^sin^r  ,  (25) 

for  an  air-foliage  interface  where  is  the  angle  of 
incidence  and  9^  is  the  angle  of  refraction. 

The  model  used  in  this  report  considers 
only  in-plane  bistatic  scattering,  with  no 
azimuthally  dependent  scattering  processes  (this 
model  will  be  extended  to  include  these  Ccises  in 
future  work).  The  transmitter  may  be  either 
horizontally  or  vertically  polarized.  According  to 
the  previous  discussions,  the  diffuse  power  coming 
into  the  receiver  is  then  calculated  from  the 
equation  (see  Fig.  4): 

Pr==  E  ■  1 1  +  Prjl^  •  |ex[/ikif7*  Zij V  ■ 

j  4,rRfj  V  y 

(<^”pqAj)  •  |exp(ikV<^Z2j)|^  • 


which  is  valid  when  (Tl/T^  1.  Here,  cr^  and 
Tl  are  the  standard  deviation  in  height  and 
correlation  length  for  the  large  scale  roughness,  p  is 
the  polarization  of  the  transmitter  and  q  is  the 
polarization  of  the  receiver.  Also, 

<r”p<,(PO)  =  |/7p/-J-S  ,  (28) 

where, 

J  =  (^)  I  Jo(''xy^)  ■  [VXiXjjT-  •  dr,  ('49) 

and  Vxy  is  a  function  of  A  and  angles  of  incidence 
and  scattering,  0^  is  a  scattering  matrix  element 
[10],  Xj  and  X2  are  the  univariate  and  bivariate 
Gaussian  char2icteristic  functions,  and  S  is  Sancer’s 
[17]  shadowing  function.  For  the  small  scale  cross 
section, 

<T°(PM)=^k‘*<rJcos*^rCos^0s  •  japqj*  •  I  •  S,  (30) 


2  G^A 

(4irR2j)2  ■ 


(26) 


Here, 

Ej  is  the  intensity  of  the  transmitting  antenna. 

Gj  is  the  angular  dependent  gain  (E-Field)  of  the 
transmitting  antenna. 

Rjj  is  the  distaiice  from  the  transmitting  antenna 


where  Opq  is  a  scattering  matrix  element  and  for  a 
Gaussian  surface  correlation  function  [10]: 

I  =  x  •  T?  •  exp(-  )  ,  (31) 

and  (fg  and  Tg  are  the  small  scale  roughness 
parameters. 
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4.  COMPARISON  OF  MODEL  PREDICTION 
WITH  SOME  EXPERIMENTAL  DATA 

The  first  data  set  demonstrates  the  ability 
of  the  effective  medium  model  to  simulate  the 
propagation  of  EM  waves  through  foliage.  Results 
of  recent  exjjerimental  measurements  of  the 
attenuation  of  EM  waves  through  vegetation  media 
are  re|)orted  in  Tewari  [20].  A  comparison  of  the 
attenuation  coefficients  (q)  at  various  frequencies, 
calculated  using  values  of  t*  from  the  coherent 
potential  model  above,  and  the  Tewari  data  are 
summarized  in  Table  1.  The  theoretical  model 
estimations  of  the  attenuation  coefficients 
describing  EM  wave  propagation  in  foliage  media 
show  good  agreement  with  the  experimental  data 
[14]. 


Frequency 

Calculated 

Model 

Tewari 

Variation 

(MHz) 

f* 

Q!(dB/m) 

a(dB/m) 

(%) 

50 

(1.03,7.3e-4) 

0.0033 

- 

- 

200 

(1.03,4.6e-4) 

0.0082 

0.0110 

-25.5 

500 

(1.03.2.8e-4) 

0.0125 

0.0138 

-9.1 

800 

(1.03,2.1e-4) 

0.0151 

0.0152 

-0.9 

1300 

(1.03,2.0E-4) 

0.0233 

- 

- 

Table  1.  Comparison  of  experimental  attenuation 
constants  with  calculated  values. 


Experimental  data  was  taken  over  some 
bare  fields  with  a  synthetic  aperture  radar  SAR  at 
I,-f3and  (Larson  et  al  [18]).  Both  HH  and  VV 
polarization  data  were  taken  for  these  sod  fields  as 
shown  in  Figs.  5  and  6  (<r‘  vs.  0j).  For  the 
theoretical  model  calculations,  the  surface 
parameters  were  taken  as  follows;  <r^=  1.22  m, 
TL=5.0rn,  (Ts=3.16  ■  lO'^m,  T5=4.0  •  lO'^m,  while 
((ground)  =  30.04-j0.6  and  f(grass)  =  1.2+j0.005. 
Fig.  5  shows  excellent  agreement  between  the  three 
sets  of  data  and  the  theoretical  model  (the  two- 
scale  model)  for  HH  polarization.  In  Fig.  6,  the 
data  for  VV  polarization  for  the  three  sod  fields 
shows  appreciable  variability,  with  good  agreement 
with  the  theoretical  model  for  one  data  set  only. 
The  variability  is  due  to  different  surface 
conditions;  variations  in  surface  roughness 
parameters  having  more  effect  on  cr'  than  variations 
in  (  (due  to  moisture  content). 

Figures  7  and  8  show  L-Band  scattering 
data  (a  vs.  0{)  for  a  1-meter  grass  field  taken  with 
a  SAR  [18].  The  theoretical  model  calculations 
were  performed  with  the  following  surface 
parameters:  17^=1.22  m,  Tl=5  m,  (T,=3.16  ■  10'^  m, 
T,=4.0  •  lO'^m,  where  r(ground)  =  30.0-hj0.6  and 
f(grass)=1.2-t-j0.005.  Figure  7  shows  the  excellent 
agreement  between  the  SAR  data  and  the 
theoretical  model  for  HH  polarization  for  the  grass 
covered  field.  Figure  8  shows  moderately  good 
agreement  between  theory  and  data  for  the  VV 


polarization  for  the  grass  covered  field.  The  5  dB 
discrepancy  may  be  due  to  some  depolarization  for 
the  VV  polarization  (the  vertically  polarized 
incident  EM  waves  are  partly  scattered  into 
horizontally  polarized  waves). 

Figure  9  shows  two  data  points  {<T)  for  a 
sparse  softwood  forest  (  ~  22  m  trees)  from  a  SAR 
with  HH  {Mlarization.  One  data  point  (the  circle) 
corresponds  to  a  normal  forest  [18],  and  falls 
exactly  on  the  theoretical  model  curve  (perfect 
agreement).  The  surface  parameters  used  in  the 
theoretical  model  curve  are  given  as  follows: 
<TL=1.22m,  TL=10.0m,  <Ts=3.16-  lO'^m,  and 
Ts=4.0-  10‘^m,  while  ((ground)=  30.0-|-j0.6  and 
f(forest)  =  1.03-l-j0.0002.  The  second  data  point 
(the  triangle)  in  Fig.  9  corresponds  to  ff°  for  the 
same  forest  (  ~  22  m  trees)  flooded.  The 
theoretical  model  surf2u:e  parameters  are  the  same 
as  for  the  normal  forest,  but  with  e(ground)=: 
80.0-l-j0.6  (corresponding  to  lake  water).  The 
agreement  of  the  data  [18]  with  the  theoretical 
model  is  quite  good  (within  3dB).  The  theoretical 
model  also  shows  the  same  trend  as  the  data 
points,  the  cr°  for  the  flooded  forest  is  several  dB 
higher  than  <7°  for  a  normal  forest. 

In  Fig.  10,  several  L-Band  data  points  for 
from  softwood  10m  trees  are  shown  versus 
incidence  angle  6-,  for  HH  polarization  [19].  The 
surface  parameters  used  in  the  theoretical 
calculations  are  as  follows:  (7^=1. 22m,  TL=10.0m, 
<7s  =  3.16  •  10’^  m,  Ts  =  4.0  •  10’^  m,  where 
<(ground)=30.0+j0.6  and  e(forest)=1.03-l-j0.0002. 
The  agreement  of  the  data  with  the  theoretical 
model  is  again  quite  good.  The  most  statistically 
significant  point  of  the  measured  data  corresponds 
to  the  value  of  cT  at  an  incidence  angle  of  55°.  This 
is  also  where  the  theoretical  model  curve  nearly 
intersects  the  data  curve. 

5.  CONCLUSIONS 

The  general  agreement  of  the  L-Band  t7° 
versus  0;  data  with  the  theoretical  model  for  four 
different  terrain  tyf)es  is  very  good  for  the  HH 
polarization.  The  agreement  between  theory  and 
experimental  data  for  the  forest  terrain  shown  in 
figs.  9  and  10  should  be  particularly  noted.  The 
agreement  between  the  <7°  vs.  6-^  data  and  the 
theoretical  model  shown  in  Figs.  6  and  8  for  an  L- 
Band  SAR  with  VV  polarization  is  not  quite  as 
good  as  the  corresponding  HH  polarization  cases. 
This  discrepancy  is  most  likely  due  to  the  fact  that 
the  theoretical  model  does  not  account  for  out  of 
plane  scattering  (no  azimuthal  variation).  Some  of 
the  vertically  polarized  incident  EM  radiation  can 
be  scattered  into  horizontally  polarized  waves. 

This  depolarization  would  result  in  experimental  <7° 
values  being  lower  than  what  would  be  predicted 
by  the  theoretical  model.  This  trend  is  shown 
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clearly  in  Figs.  6  and  8.  Because  of  the  physical 
mechanisms  involved  in  the  scattering  processes, 
this  effect  is  more  pronounced  for  vertically 
polarized  incident  waves  compared  to  horizontally 
polarized  incident  waves. 
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FIGURE  1. 

REAL  AND  IMAGINARY  PARTS  OF  €•  OF  HARD  WOOD  VEGETATION 
(OAK)  MEDIA.  WOOD  GRAIN  IS  RANDOMLY  ORIENTED 
TO  THE  E-FIELD  POLARIZATION 
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FIGURE  2. 

REAL  AND  IMAGINARY  PARTS  OF  €•  OF  SOFT  WOOD  VEGETATION 
<FIR)  MEDIA.  WOOD  GRAIN  IS  RANDOMLY  ORIENTED 
TO  THE  E-FIELO  POLARIZATION 
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FIGURE  4.  ANGULAR  SPECTRUM  OF  PLANE  WAVES  DUE  TO  DIFFUSE  POWER  SCATTERED 
FROM  ROUGH  SURFACE,  MONOSTATIC  DIRECT  DOWNLOOK  CASE 
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Figure  5. 

COMPARISON  OF  MODEL  PREDICTEO<r‘’vALUES  WITH 
MEASURED  SAR  DATA  FOR  A  SOD  FIELD  AT  L-BAND 
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Figure  6. 

COMPARISON  OF  MODEL  PREDICTEDo“vALUES  WITH 
MEASURED  SAR  DATA  FOR  A  SOD  FIELD  AT  L-BAND 
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FIGURE  a. 


FIGURE  7. 

COWPAfllSON  OF  MODEL  PIIE01CTEO<f\ALUES  WITH 
MEASURED  SAR  DATA  FOR  A  1  METER  GRASS  FIELD  AT  L-BAND 


COMPARISON  or  MODEL  PREOICTED<r  VALUES  WITH 
MEASURED  SAR  DATA  FOR  A  1  METER  GRASS  PKLD  AT  L-BAND 
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SPARSE  SOFTWOOD  TREES  L-BAND  (HH) 
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FIGURE  9. 

COMPARISON  OF  MODEL  PREDICTED  L-8AND<r° VALUES  OF  A  SOFT 
WOOD  FOREST  (22  METER  TREES)  AND  SAR  MEASURED  VALUES 
FOR  BOTH  NORMAL  AND  Tl CODED  FOREST  FLOOR 
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FIGURE  10. 

COMPARISON  OF  MODEL  PREDICTED  L-BAND  (t’vALUES  OF  A 
SOFTW(JOD  FOREST  (10  METERS  TREES)  AND  SAR 
MEASURED  DATA 


DISCUSSION 

G.  Hagn  (USl  : 

How  were  the  values  for  the  dielectric  constant  for  the  trees  determined  for  use  In  the 
computations  as  a  fiincUon  of  volume  fraction  of  wood  ? 

Author's  reply : 

Although  scarce,  experimental  measurements  of  the  dielectric  constants  of  vegetation 
components  at  specific  frequencies  and  moisture  contents  are  available  in  the 
literature.  The  results  from  these  measurements  were  used  to  verlfly  the  validity  of 
specific  models  which  were  in  turn  used  to  determine  the  dielectric  constants  of  the 
vegetaUon  components  for  the  desired  conditions.  A  detailed  review  of  the  methods 
used  and  specific  papers  referenced  can  be  found  in  the  paper  by  Tamasanis  listed  In 
the  reference  secUon  of  the  paper. 
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BISTATIC  SCATTERING  STATISTICS  OF  DECIDUOUS  TREES 

by 

K.V.N.  Rao,  W.G.  Stevens,  J.  Mendonca 
Rome  Laboratory 
Hanscom  AFB,  MA  01731 


SUMMARY 

Theoretical  predictions  have  shown  that 
signiflcant  variations  in  the  power  scattered  by  a 
rough  surface  exist  when  the  orientation  of  a 
linearly  polarized  bistatic  receiver  is  changed  with 
respect  to  the  transmitter  polarization. 

Experiments  conducted  at  laser  frequencies  have 
verified  the  existence  of  these  polarization 
variations.  This  present  work  was  performed  to 
determine  if  this  behavior  could  be  observed  at 
microwave  frequencies  at  a  field  test  site.  In  this 
report  the  experimental  results  on  the  polarization 
dependence  of  bistatic  scattering  from  deciduous 
trees  are  described.  The  bistatic  scattered  power 
from  foliage  (mixture  of  Birch,  Maple,  Ash  and 
grass)  at  3.2  GHz  was  measured  as  a  function  of 
the  receiver  polarization  angle.  This  paper  reports 
on  data  for  one  configuration:  incidence  angle  of 
80°,  elevation  scattering  angle  of  84°,  and  one 
azimuthal  scattering  angle  of  105°.  The  scattering 
surface  size  was  approximately  4.5  square  meters. 

A  wide  band  (200  MHz)  S-band  radar  system  was 
used  to  conduct  these  'ncasurements.  Both 
vertically  and  horizontally  polarized  signals  were 
transmitted.  The  receiver  antenna  polarization  was 
varied  from  0°  to  360°  in  each  case.  As  the 
receiver  polarization  was  varied,  the  scattered 
power  levels  changed  considerably.  In  the  course  of 
the  tests  polarization  nulls  7  to  20  dB  below  pieak 
level  of  the  scattered  power  were  observed, 
depending  on  the  geometrical  configuration.  The 
location  of  these  nulls  was  compared  with 
theoretical  predictions,  which  are  based  on 
estimates  of  surface  roughness  and  complex 
dielectric  constant.  A  brief  discussion  on  the 
dependence  of  the  location  and  depth  of 
polarization  nulls  on  the  complex  permittivity  and 
roughness  characteristics  of  the  scattering  surface  is 
also  given  ”  -^ults  of  experiments  show  that 
measui  theoretical  null  locations  are  in 

reasonable  agreement.  Further  measurements  at 
additional  azimuthal  scattering  angles  will  be 
made.  Future  plans  include  phase  and  amplitude 
measurements  with  a  dual  orthogonal-polarized 
receiving  antenna  to  determine  the  ellipticity  of 
scattered  signals. 

1.  INTRODUCTION 

The  scattering  of  electromagnetic  waves 
from  various  types  of  terrain  at  microwave 
frequencies  has  been  investigated  during  the  last 
three  decades  for  several  scattering  and  remote 
sensing  applications.  The  scattering  phenomena  is 


dependent  on  frequency,  polarization,  angles  of 
incidence  and  scattering,  the  type  of  surface,  its 
roughness  and  its  dielectric  properties.  A  brief 
review  of  the  aforementioned  literature  indicates 
that  very  little  emphasis  has  been  placed  on 
polarization  dependent  bistatic  scattering  from 
terrain.  However,  p>olarimetric  techniques  have 
been  developed  and  investigated  in  somewhat 
greater  detail  to  observe  the  co  and  cross¬ 
polarization  of  scattering  from  objects  with 
canonical  shapes.  Recently  investigators  have 
initiated  studies  on  the  polarization  dependent 
scattering  of  electromagnetic  waves  from  randomly 
oriented  objects  and  surf8u:es. 

1.1  OBJECTIVE 

The  variation  of  the  bistatic  rough  surface 
scattering  has  been  discussed  in  several 
publications.  In  particular  Papa,  Lennon  and 
Taylor  examined  the  general  behavior  of  the  rough 
surface  scattering  cross  section  as  a  function  of 
incident  and  scattering  angles,  surface  roughness, 
dielectric  constant  and  polarization  using  a  physical 
optics  model.  For  some  conditions,  these  authors 
have  predicted  that  deep  nulls  occur  in  the 
variation  of  the  copolarized  bistatic  cross  section 
sigma-zero  as  a  function  of  the  scattering  angle. 

For  the  case  where  the  incident  signal  polarization 
is  fixed,  they  showed  that  varying  the  linear 
polarization  of  the  receiving  antenna  can  optimize 
(either  maximize  or  minimize)  the  diffuse  power 
scattered  by  a  rough  surfitce.  In  the  general  case  of 
bistatic  scattering  from  rough  surfaces,  the 
polarization  state  of  the  signals  entering  the 
receiver  is  elliptical  (Papa  and  Woodworth).  Thus, 
it  is  necessary  to  measure  simultaneously  the 
amplitudes  and  phases  of  the  co  and  cross  polarized 
signals  to  demonstrate  the  absolute  null  location 
and  its  depth.  However,  in  this  report  we  describe 
the  results  obtained  from  measurements  of  the 
magnitude  of  the  signal  as  a  function  of  the  receive 
polarization  angle.  This  restricts  the  results  to 
those  for  a  linearly  polarized  receiver. 

1.2  SCOPE 

In  section  2  of  this  report  a  brief 
description  of  the  bistatic  geometry  is  given,  where 
we  show  the  relative  locations  of  the  transmitter, 
the  illuminated  clutter  patch  and  the  receiver.  The 
bistatic  measurement  system  and  data  acquisition 
techniques  are  also  discussed  in  this  section. 

Section  3  contains  an  overview  of  the  theoretical 
models  and  the  predicted  plots  of  the  received 
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power  as  a  function  of  the  receiver  polarization 
state.  .Section  4  shows  the  experimental  results 
obtained  when  the  clutter  patch  was  illuminated 
with  vertically  and  horizontally  polarized  signals 
for  two  ^lzimuthal  scattering  angles.  The  results 
consist  of  the  magnitude  of  the  signal  in  the 
receiver  as  a  function  of  the  receiver’s  polarization 
state.  The  comparison  of  the  experimental 
observations  with  the  analytical  predictions  is 
described  in  section  5.  The  summary  is  contained 
in  section  6. 

2.0  SYSTEM  CONSIDERATIONS 

Two  critical  factors  in  this  experiment  are 
the  bistatic  geometry  in  which  the  behavior  is  to  be 
observed  and  the  measurement  techniques  used  to 
acquire  the  data.  Both  of  these  topics  will  be 
discussed  before  the  results  arc  presented. 

2.1  BISTATIC  CONFIGURATION  DETAILS 

The  bistatic  scattering  clutter  geometry  is 
shown  in  figure  1.  It  is  assumed  the  terrain  is  in 
the  x-y  plane  and  the  transmitter  and  receiver  are 
located  at  positions  T  and  R  respectively,  is  the 
incident  elevation  angle,  Og  is  the  scattering 
elevation  angle  and  is  the  azimuthal  scattering 
angle.  The  incident  and  scattering  planes  shown 
are  designated  as  I  and  S.  T^e  origin  is  taken  to 
be  the  center  of  the  scattering  surface  clutter  cell  of 
interest.  The  incident  electric  field  is  restricted  to 
be  either  parallel  or  perpendicular  to  the  plane  of 
incidence  T,  whereas  the  receiving  antenna  (a  6’ 
parabolic  dish)  can  be  rotated  through  360  degrees 
about  the  boresight  axis  from  the  receiver  antenna 
to  the  origin.  This  rotation  allows  us  to  vary 
arbitrarily  the  receive  signal  polarization.  The 
illuminated  terrain  is  a  combination  of  grass, 
brush,  pine,  ash,  birch  and  poplar  trees.  The  grass 
is  approximately  3”  to  4”  high.  The  brush  is  about 
2  to  3  feet  high,  and  the  height  of  trees  varied 
between  6  and  15  feet. 

2.2  DESCRIPTION  OF  THE  EXPERIMENTAL 
CONFIGURATION 

An  artist’s  sketch  of  the  various 
components  of  the  transmitter,  receiver  are  shown 
in  figure  2.  The  transmitter  van  has  a  pneumatic 
telescopic  mast  which  can  be  raised  .50  feet  above 
the  ground  level.  A  standard  gain  horn  is  used  as  a 
transmitting  antenna  mounted  on  top  of  the  mast 
and  is  adjustable  so  that  the  clutter  patch  can  be 
illuminated  either  with  vertically  or  horizontally 
polarized  signals.  Azimuthal  rotation  of  the  mast 
as  well  as  the  elevation  angle  of  the  horn  is  possible 
to  illuminate  the  desired  clutter  patch  at  the 
incidence  scattering  angle.  The  6'  parabolic  dish 
mounted  on  a  three-axis  positioner  served  as  the 
receiving  antenna.  The  parabolic  dish  is  fed  from  a 
standard  gain  horn  with  linear  polarization.  This 


dish  is  located  on  the  roof  of  a  building  at  Rome 
Laboratory’s  Ipswich  Site.  Appropriate  adjustment 
of  the  three  axes  of  the  parabolic  dish  allows  us  to 
aim  the  receiver’s  boresight  to  the  center  of  the 
desired  clutter  cell. 

2.3  THE  MEASUREMENT  SYSTEM  AND 
DATA  ACQUISITION  TECHNIQUES 

The  original  design  of  this  system  was 
described  by  Price  and  Green,  As  a  communication 
technique  for  multipath  channels  and  by  Linfield 
et.  al  for  transmission  channel  characterization  by 
impulse  response  measurement.  We  found  that  this 
system,  suitably  modified  as  shown  in  figure  3,  can 
be  used  to  make  terrain  scattering  measurements 
with  extremely  high  range  resolution.  In  both  the 
transmitter  and  receiver  assemblies,  all  frequencies 
are  derived  from  a  stable  5  MHz  crystal  oscillator 
via  a  series  of  varactor  amplifiers.  A  pseudo-noise 
sequence  is  used  to  BPSK  (Binary  Phase  Shift  Key) 
modulate  the  S-Band  transmitter,  which  has  a 
center  frequency  of  about  3.2  GHz.  The  pseudo¬ 
noise  sequence  is  generated  by  a  10-stage  shift 
register  with  selectable  frequencies  of  50,  100,  or 
200,  Mbits/sec.  Thus,  the  bit  length  can  be 
selected  to  20,  10,  or  5  nanosecond  duration  (the 
shift  registers  produce  a  1023-bit  code),  resulting  in 
range  resolutions  of  6  meters,  3.0  meters,  and  1.5 
meters,  respectively. 

The  pseudo-noise  code  length  in  the 
receiver  is  of  the  same  length  as  that  in  the 
transmitter.  However,  the  clock  frequency  in  the 
receiver  is  offset  by  a  specific  value  of  delta  f.  The 
effect  of  this  offset  is  that  the  reference  code  blocks 
(1023-bit  sequence)  are  continuously  ’’sliding”  past 
those  signals  entering  the  receiver.  Whenever  the 
reference  code  in  the  receiver  matches  with  the  code 
of  the  signal  entering  into  the  receiver  the  analog 
correlator  in  the  receiver  produces  an  output. 

Figure  (3)  illustrates  the  four  types  of 
signals  entering  the  receiver.  The  first  one  is  a 
reference  signal  injected  into  the  receiver  via  a 
direct  cable  link  between  the  transmitter  and  the 
receiver,  thereby  eliminating  both  the  antennas. 

The  second  signal  which  enters  the  receiver  is  that 
which  is  coupled  directly  via  the  sidelobes  of  the 
antenne»  along  a  path  which  is  in  the  direct  line  of 
sight.  The  third  type  of  signal  is  that  which  enters 
into  the  receiver  via  various  multipath  directions. 
The  fourth  type  of  signal  is  that  which  is 
emanating  from  the  calibration  horn.  The  output 
of  the  analog  correlator  consists  of  the  in-phase  and 
quadrature  components  as  well  as  the  magnitudes 
of  the  correlated  signals.  The  auto-correlation 
function  of  the  pseudo-noise  maximal  length 
sequence  used  provides  a  high  level  of 
discrimination  between  the  correlated  and 
uncorrelated  codes  such  that  the  four  types  of 
signals  are  individually  resolved  if  their  differences 
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in  times  of  arrival  are  greater  than  the  code 
clocking  interval  1/f  (5  nanoseconds  for  200 
Mbits/sec.  The  auto-correlation  time  sidelobes  are 
about  -30  dB.  The  repetition  period  of  the 
correlation  function  (in  eBect,  the  data  interval  of 
the  measurement  system)  is  1023/delta  f.  Via 
appropriate  choice  of  delta  f,  the  data  intervals  are 
selectable  from  10  milliseconds  to  2  seconds.  This 
limits  the  system  collecting  temporal  variations  of 
the  clutter  fluctuations  between  0.5  and  100  Hz. 
However,  all  of  the  data  presented  in  this  report  are 
taken  with  a  data  collection  interval  of  200 
milliseconds  and  200  MHz  bandwidth.  As 
mentioned  earlier  the  outputs  of  the  analog 
correlator  consist  of  in-phase  (I),  quadrature  (Q), 
and  magnitude  -(-Q^  .  Thus,  by  coherent 
processing  of  I  and  Q  signal  amplitudes,  in 
principle,  it  is  possible  to  calculate  the  amplitude 
and  phase  of  the  scattered  signal  from  each  range- 
resolvable  clutter  cell  or  time-resolvable  signal 
entering  the  receiver. 

3.0  BRIEF  OVERVIEW  OF  THE  ANALYTICAL 
MODELS  AND  PREDICTION  OF  THE 
BISTATIC  POLARIZATION  NULLS 

In  this  section  we  will  give  a  brief  overview 
■jf  'he  iialjtical  models  and  the  prediction  of  the 
amplitude  of  the  received  power  as  a  function  of 
the  scattering  angles  and  the  receiver’s  polarization 
state.  The  reader  who  is  interested  in  the  details  of 
the  derivation  should  refer  to  Papa  et  al. 


and  R  n  (i)  IL  (i)  are  the  Fresnel  reflection 
coeffleients  vertical  (V)  and  horizontal  (H) 
]x>larizations,  respectively.  The  angle  i  is  defined 
as 


COS  i=^*^l-8in^,sin^,co8^^+co8^,-cos^,  , 

(6) 

with. 

aj  1  -1-  sindjsind^os^,-  cosd,co80«  , 

(7) 

a2  =  cos^,sin0«  -1-  sin^icostf^cos^^  , 

(8) 

a3  =  sin^jcos^j  -1-  cosdjsin^gcos^,  , 

(9) 

and. 

a^  =  cosB^  +  cosOt  . 

(10) 

The  quantity  J  in  (1)  is  proportional  to 
the  probability  density  function  for  the  slopes.  The 
quantities  ®J3d  are  the  surface  slopes 
necessary  to  give  rise  to  specular  reflection  of  the 
incident  field  into  the  scattering  direction: 

sin^j  -  sin^s  cos^g 

cos^i  -f  cosdg  ’  ^ ^  ^ 

and, 

sin^s  sin^g 

COS^j  -I-  cos^s  ’ 


3.1  ANALYTICAL  MODEL 

We  summarize  here  briefly  the  necessary 
equations  to  describe  the  dependence  of  the  received 
power  on  the  polarization  angle,  as  well  as  the 
scattering  angles.  For  conditions  of  physical  optics, 
the  scattering  cross  section  as  defined  by  Barrick 
including  the  shadowing  factor  S  as  given  by 
Sancer  is. 


«rO=|^p/j.S  ,  (1) 

aja3R  II  (i)-fsin^,sin^,sinV^R£(i) 

>  (2) 

-sin0,a3R  n  (i)-fsintf^R|  (i) 

(3) 

sin  tfja^R  ii  (i)-sinIl,a3R|  (i) 

(4) 

and, 

-sin^jsintf^inV.R  n  (i)-a2*3R|  (0 

^H= - W - —■ 

Here,  the  angles  flj,  9^,  and  are  defined  in  Fig.  1, 


Implicit  in  the  above  derivation  are  the 
assumptions  that  T  >  A,  1,  <  1.  and 

(y  are  the  local  slopes  in  x  and  y  directions  at  the 
local  surface  point.  T  is  the  surface  height 
correlation  length  and  1  is  the  wavelength.  Papa  et 
al  give  the  dependence  of  scattered  power  intensity 
on  receive  polarization  as: 

la  «  (/?vv  ■  +  ^vv  ■  y  + 

(^vv  •  cosil>  +  •  sin^^i^ 

The  scattered  power  is  depiendent  on  the  incident 
elevation  angle,  receive  elevation  angle,  the 
azimuthal  scattering  euigle,  the  Fresnel  reflection 
coetficient  and  the  complex  dielectric  constant. 

This  leads  to  an  explicit  expression  for  the 
polarization  state  (angle)  of  the  receiver  which 
optimizes  the  received  power  (either  a  maximum  or 
a  minimum).  This  expression  is  given  by; 


,  ,  -B,±>?-4AiC3 

- JT, - 

where, 

A|  =  -^vv^VH  ■  ^VV^VH  ’ 


(13) 


(14) 


& 
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Cj  =  ^VH^VV  ^VH^VV  • 

The  angle  deflnes  the  direction  of  (linear) 
polarization  the  receiver  should  have  to  optimize 
the  received  power  scattered  from  the  rough 
surface.  Note  that  this  polarization  direction 
depends  only  on  the  dielectric  constant  (complex) 
of  the  surface  and  the  bistatic  incidence  scattering 
angles.  It  is  independent  of  the  surface  roughness 
for  a  single  scale  of  roughness  model.  When  a 
composite  scattering  model  is  used  that  considers 
small  as  well  as  large  scale  roughness  parameters, 
the  optimum  polarization  direction  may  change 
slightly  but  the  magnitude  of  the  scattered  power 
can  vary  by  several  decibels.  Thus,  if  the  surface 
roughness  can  change  with  time  (as  is  the  case  with 
windblown  trees)  the  clutter  polarization  minimum 
and  maximum  may  change  in  magnitude  without  a 
significant  shift  in  their  relative  locations. 

3.2  PREDICTIONS  FOR  EXPERIMENT 
CONDITIONS 

Using  the  analytical  algorithm  given  by 
Papa,  Lennon  and  Taylor  we  computed  the 
intensity  of  the  received  power  as  a  function  of  the 
piolarization  state  (angle)  for  our  experimental 
conditions.  The  plots  showing  the  received 
intensity  as  a  function  of  the  polarization  angle  are 
shown  in  figures  (4a)  and  (4b)  for  two  correlation 
lengths.  Figure  (4a)  is  for  the  incident  signal  on 
the  clutter  patch  being  vertically  polarized  and  the 
plot  shown  in  figure  (4b)  is  that  for  the  case  when 
the  incident  signal  is  polarized  horizontally. 

Implicit  in  the  algorithm  is  that  a  linearly 
polarized  receiver  is  used.  It  is  clear  that  the  depth 
of  the  null  and  the  magnitude  of  the  scattered 
power  are  dependent  on  the  surface  conditions. 
These  results  will  be  related  to  the  experimental 
data  in  section  6. 

4.0  EXPERIMENTAL  RESULTS  ON 
POLARIZATION  NULI,S 

In  this  section  we  present  some  results 
obtained  from  the  bistatic  polarimetric  experiment 
conducted  at  Rome  Laboratory's  Ipswich  Field 
Site.  We  measured  the  power  reflected  from  the 
deciduous  trees  using  the  bistatic  geometrical 
configuration  shown  in  figure  (2)  for  various 
receiving  antenna  polarizations.  Although  our 
system  can  resolve  1023  range  bins,  we  recorded 
only  a  small  percent  of  this  number  because 
relatively  few  range  bins  were  intersected  by  both 
transmitter  and  receiver  antenna  patterns  for  this 
bistatic  configuration.  For  each  polarization  state 
of  the  receiving  antenna  we  collected  data  from  100 
frames  for  statistical  analysis.  Figure  (5a)  shows 


the  mean  value  of  the  observed  power  from  a 
typical  cell  as  a  function  of  the  receiver  polarization 
angle.  As  indicated  in  the  figure  the  data  were 
collected  when  the  patch  was  illuminated  with  a 
vertically  polarized  signal.  Figure  5b  shows  the 
results  for  horizontal  polarization.  The  angles 
flg,  and  were  80*,  84*,  and  105*  respectively.  The 
power  from  the  particular  cell  is  averaged  over  the 
100  data  collection  frames  for  each  polarization 
state.  The  received  power  is  normalized  with 
respiect  to  the  maximum  power  received  at 
polarization  angle  which  is  scanned  through  360 
degrees.  The  receiving  antenna  was  rotated  in 
incremental  steps  of  10  degrees.  It  took 
approximately  ninety  minutes  to  collect  the  data 
over  the  entire  360  degrees. 

Figures  6a  emd  6b  show  plots  of  the  90th, 
50th,  and  10th  percentile  of  the  magnitude  of  the 
received  power  for  the  same  bistatic  geometry  and 
range  bin  of  figures  5a  and  5b.  Figure  6a  is  for 
vertical  and  figure  6b  is  for  horizontal  transmit 
polarization.  These  plots  are  more  revealing  than 
those  of  just  the  mean  power.  It  can  be  seen  from 
these  figures  that  the  receiver  polarization  for 
which  the  scattered  power  is  a  maximum  or 
minimum  does  not  change  whether  it  is  observed 
from  the  mean,  median,  90th  or  10th  percentiles. 
Another  interesting  feature  shown  in  these  plots  is 
that  there  are  variations  in  the  separation  of  the 
90th,  50th,  and  10th  percentiles  for  different 
receiver  polarizations.  This  is  discussed  in  greater 
detail  later  in  the  paper. 

Figures  7  and  8  are  histograms  showing  the 
differences  in  temporal  fluctuations  of  scattered 
power  from  deciduous  trees  in  one  range  resolution 
cell  as  the  receiver  antenna  is  oriented  to  produce 
the  maximum  and  minimum  scattered  power.  The 
data  in  figure  7  were  obtained  with  the 
transmitting  horn  antenna  vertically  polarized, 
while  those  of  figure  8  were  for  horizontal  transmit 
polarization.  The  solid  bars  of  the  histogram 
represent  data  obtained  when  the  receiving  dish 
antenna  was  oriented  to  the  polarization  of 
maximum  terrain  reflectivity  for  this  bistatic 
geometry.  The  cross-hatched  bar  data  were 
obtained  when  th**  receiving  dish  antenna  was 
oriented  for  minimum  reflectivity.  For  vertical 
incident  polarization,  the  meiximum  clutter  power 
occurred  at  receiver  polarization  angles  of  -150  and 
-f30  degrees  while  the  minima  occurred  at  -80  and 
100  degrees.  For  the  horizontal  incident  case, 
clutter  maxima  occurred  at  receiver  polarization 
angles  of  -60  and  -1-120  degrees  while  the  minima 
occurred  at  -140  and  -4-40  degrees.  In  each  of  these 
histograms,  the  data  are  normalized  to  their 
respective  mean  values.  This  allows  direct 
comparison  of  features  of  the  individual 
distributions  such  as  shape,  spread,  and  power 
contained  in  the  distribution  tails. 
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Figures  9  and  10  are  histograms  of  the 
received  power  at  the  two  polarization  angles  at 
which  the  minima  occur,  and  are  presented  to 
illustrate  the  differences  in  distribution.  Figure  9  is 
for  vertical  incident  polarization  and  figure  10  is  for 
horizontal.  Again,  the  data  in  these  histograms  are 
normalized  to  their  respective  mean  values.  As 
both  of  these  histograms  show,  for  each  incident 
transmit  polarization  the  two  minima  have 
different  spre£ids  in  their  distributions.  The 
difference  in  spre^id  (or  dispersion)  between  the 
data  obtained  at  the  four  polarization  angles  can  be 
obtained  quantitatively  by  comparing  the  standard 
deviations  of  the  normalized  data,  or  equivalently, 
the  ratio  of  the  standard  deviation  of  the 
unnormalized  data  to  the  mean  value  of  the 
unnormalized  data.  This  standard  of  comparison  is 
called  the  relative  dispersion,  or  coefficient  of 
variation. 

For  vertical  incidence,  the  coefficient  of 
variation  of  the  data  at  the  polarization  maximum 
was  0.192.  Values  at  the  polarization  minima  -80 
degrees  and  -1-100  degrees  were  0.313  and  0.716 
respectively.  For  horizontal  incident  polarization, 
the  coefficient  of  variation  at  the  maximum  was 
0.152  while  the  minima  were  0.372  at  -140  degrees 
and  0.550  at  -1-40  degiees.  Two  observations  can  be 
made  from  these  calculations:  First,  the  relative 
dispersion  of  the  maxima  for  each  incident 
polarization  is  less  than  that  of  the  respective 
minima;  and  second,  for  each  incident  polarization 
rase  the  relative  dispersions  of  the  minima  data  at 
the  two  receiver  polarization  angles  are  different. 

Figures  11  and  12  show  more  general 
polarization  trends  for  these  results.  They  show  the 
mean  power  and  coefficient  of  variation  vs.  receiver 
polarization  for  both  transmit  polarizations.  The 
results  illustrate  the  trend  of  falling  coefficients 
with  rising  mean  power  and  vice  versa.  Analysis  of 
data  for  other  nearby  range  cells  produced  similar 
findings.  Not  only  do  the  relative  dispersions 
change  with  receiver  polarization,  but  that  a  time 
dependence  is  also  present.  We  feel  that  this  time 
dependence  could  be  attributed  to  motion  of  the 
trees  in  the  very  high  range  resolution  cells  of  our 
system  and  to  the  approximately  40  minutes 
between  data  collections  at  the  polarization  angles 
corresponding  to  the  two  minima.  At  present,  no 
attempt  has  been  made  to  fit  a  theoretical 
distribution  to  these  data.  But  these  results  show 
that  the  shape  parameter  estimate,  if  not  the  fitted 
distribution  type,  would  change  with  receiver 
polarization  angle. 

5.0  DISCUSSION  OF  EXPERIMENTAL 
RESULTS  AND  ANALYTICAL  PREDICTIONS 

Comparison  of  the  experimental  data  with 
analytical  predictions  would  be  exact  if  all  the 
assumptions  made  in  the  predictions  were  met  by 


the  experiments.  It  is,  however,  difficult  to 
construct  a  perfectly  linearly  polarized  antenna  for 
either  transmission  or  reception.  It  is  possible, 
though,  to  measure  and/or  calculate  the  isolation 
between  co-and  cross-polarized  components  of  any 
given  antenna.  The  antennas  used  in  this 
experiment  have  an  isolation  of  20  dB  for  the 
transmitting  horn  and  an  isolation  of 
approximately  26  dB  for  the  receiving  dish.  A 
second  source  of  error  is  in  the  measurement  of  the 
exact  scattering  angles.  The  incident  elevation 
scattering  angle,  the  receiver  elevation  scattering 
angle  and  the  azimuthal  angles  are  exactly 
measured  in  the  boresight  directions.  However,  the 
variations  in  these  angles  in  the  intersection  of  the 
transmit  antenna  and  receive  antenna  footprint  can 
only  be  conjectured.  A  third  source  of  error  is  in 
estimating  the  rms  surfiice  slopes  of  the  surface 
canopy  of  he  trees  and  the  depth  of  penetration  of 
the  signals  into  the  volume  of  the  deciduous  trees. 

Emphasis  weis  placed  more  on  identifying 
the  differences  in  statistics  of  the  scattered  power  as 
the  receiver  polarization  was  varied.  As  was  seen 
in  plots  of  me^ksured  power  vs.  p>olarization  angle, 
the  magnitude  of  the  null  depth  Weis  different  for 
the  two  polarization  minima  conditions,  while  the 
separation  of  the  nulls  remained  at  180.  We 
attribute  these  results  to  changes  in  the  rms  surface 
slopes  of  the  range  cell  of  interest  over  time.  Even 
with  mild  wind,  the  surface  roughness  parameters 
could  change,  while  the  net  permittivity  of  the 
terrain  may  remain  steady.  As  shown  in  the 
analytical  results,  calculations  made  of  the 
scattered  power  at  the  two  polarization  minima  for 
two  different  surface  roughness  but  similar 
permittivities  produced  findings  that  were  similar 
to  experimental  results,  i.e.,  nulls  that  were 
separated  by  180°  but  were  different  in  magnitude. 

6.0  SUMMARY 

In  summary,  for  our  limited  data  set  we 
have  confirmed  the  existence  of  polarization  nulls 
in  the  energy  scattered  by  terrain  for  bistatic 
geometries.  We  have  found  that  then  exist 
differences  in  the  temporal  statistical  distributions 
of  the  scattered  power  when  the  receiving  antenna 
is  oriented  to  different  polarizations.  Our 
measurements  of  the  power  scattered  by  deciduous 
trees  as  a  function  of  receiver  polarization  angle 
exhibited  minima  for  two  different  azimuthal 
scattering  angles.  These  minima  were  of  difierent 
magnitudes  and  had  different  coefficient  of 
variation  statistics.  A  physical  optics  model  using 
the  same  azimuthal  and  elevation  angles  as  those  in 
the  experiment,  and  an  estimated  value  of  the 
terrain  dielectric  constant  and  surface  rms  slope 
was  used  to  predict  the  scattered  power  versus 
polarization  angle.  Locations  of  minima  predicted 
by  the  model  were  in  close  s^reement  with 
measurements. 
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MEAN  POWER  AND  COEFF  OF  VARIATION 
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DISCUSSION 


F.  Le  Chevalier  IFR)  : 

Since  level  distribution  is  wider  for  polarizations  states  where  mean  clutter  level  is 
lower,  do  you  think  there  remains  interest  in  making  use  of  polarization  effects  to 
improve  the  probability  of  detection  ? 


Author’s  reply  : 

These  measurements  were  taken  using  an  S-band  200  MHz  bandwidth  transmitter 
Illuminating  a  clutter  patch.  The  data  indicate  that  the  temporal  spreads  about  the 
mean  are  dependent  on  the  polarization  angle  of  the  receiver.  Further  experiments  for 
coarser  resolution  cell  behavior  would  have  to  be  carried  out  prior  to  determining 
whether  probability  of  detection  could  be  significantly  altered.  In  addition,  the 
dependence  would  have  to  be  constantly  updated,  depending  on  the  bistatic 
configuration  and  type  of  clutter  environment. 


ALTAIR  UHF  OBSERVATIONS  OF 
BACKSCATTER  ENHANCEMENT 
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Dennis  L.  Knepp 
Mission  Research  Corporation 
2300  Garden  Road,  Suite  2 
Monterey,  California  93940-5326 


SUMMARY 

During  the  Defense  Nuclear  Agency  (DNA)  PEAK 
(Propagation  Effects  Assessment  -  Kwajalein)  experiment 
in  August  1988,  the  ALTAIR  VHF/UHF  wide  bandwidth 
radau'  was  used  to  track  spherical  satellites  in  low-earth 
orbit.  The  purpose  of  the  experiment  was  to  obtain  radar 
data  during  the  most  severe  propagation  disturbances 
available  naturally.  The  PEAK  experiment  has  been  quite 
successful,  giving  many  measurements  of  strong 
scintillation  as  well  as  the  first  measurements  of 
frequency-selective  fading  on  propagating  radar  pulses. 

In  this  paper  the  experimental  results  are  used  to 
demonstrate  an  enhancement,  due  to  scattering,  in  the 
average  received  power  that  is  observed  during  severe 
scintillation.  The  observed  statistics  of  the  enhancement 
are  compared  to  analytic  calculations  using  the 
Nakagami-m  distribution  with  very  good  agreement.  This 
enhancement  is  predictable  on  the  basis  of  the  first-order 
amplitude  statistics  for  two-way  radar  propagation  in  a 
monostatic  propagation  geometry  as  well  as  by  a  more 
thorough  analysis  using  reciprocity;  both  analytic 
approaches  are  presented  here.  The  enhancement  is 
important  for  both  ground  and  space-based  radars  that 
have  to  operate  during  scintillation,  since  as  much  as  a  3 
decibel  increase  in  the  target  (and  clutter)  signal-to-noise 
ratio  is  possible,  depending  on  the  severity  of  the 
scintillation  and  on  the  radar  transmit/receive  geometry. 


ALTAIR  WAVEFORM  DESCRIPTION 

ALTAIR  utilizes  a  circular  antenna  with  a  diameter  of 
150  feet.  The  3  dB  beamwidths  are  2.8  degrees  at  VHF 
(155.5  MHz)  and  1.1  degrees  at  UHF  (422  MHz).  In  the 
Peak  experiment,  independent  range  tracks  were 
maintained  at  both  frequencies,  but  the  UHF  angle 
information  was  used  to  steer  the  antenna.  During  the 
satellite  track  portion  of  PEAK,  the  VHF  and  UHF 
waveforms  chosen  were  those  with  the  maximum 
bandwidth  available.  This  selection  gives  an  LFM  (linear 
frequency  modulated)  waveform  with  a  chirping  bandwidth 
of  7.05  MHz  at  VHF  and  18  MHz  at  UHF.  Because  of  duty 
cycle  limitations  the  maximum  pulse  repetition  frequency 
is  372  Hz.  Note  that  the  actual  PRF  is  determined  by  the 
radar  control  system  to  avoid  eclipsing  of  pulses  (i.e.,  to 
avoid  reception  of  a  pulse  when  the  radar  is  transmitting). 

The  analysis  that  follows  is  based,  for  the  most  part, 
on  data  taken  during  several  tracks  of  the  Soviet  satellite 
Cosmos  1427.  Cosmos  1427  is  a  2-meter  diameter 
calibration  sphere  in  a  near  circular  orbit  at  an  altitude  of 
about  420  km.  The  use  of  spherical  satellites  eliminates 
the  problem  of  target  glint  that  causes  fluctuation  in  the 
received  signal  due  to  interference  from  multiple  target 
scatterers.  Figure  1  (top)  shows  an  example  of  severe  UHF 
scintillation  measured  during  the  evening  of  August  20, 
1988,  on  a  pass  starting  at  9:18  pm,  referred  to  as  PEAK 
9C. 


INTRODUCTION 


It  is  well-known  that  a  propagating  signal  in  the 
frequency  range  from  VHF  to  L-band  can  experience 
disturbances  due  to  naturally  occurring  F-region 
ionization.  Disturbances  due  to  mean  or  average  ionization 
consisting  of  dispersion,  refraction,  Faraday  rotation,  and 
phase  shift  have  been  the  subject  of  research  work  over  the 
last  several  decades  and  ue  well  understood  [Lawrtnet,  et 
al.,  1964].  Disturbances  due  to  smaller  scale 
electron-density  irregularities  that  produce  scintillation  of 

firopagating  waves  are  the  subject  of  current  research 
Basu,  €t  at.,  1987;  Kumagai,  1987]. 

Scintillation  consists  of  the  rapid  variation  of  signal 
phase,  amplitude,  angie-of-arrival,  time-of-arrival  and 
other  signal  properties.  Intense  signal  scintillation  is  often 
observed  over  satellite  links  and  in  radar  measurements 
\Tovle,  1980]  through  the  ambient  ionosphere  at  VHF  and 
UHF.  Strong  equatorial  scintillation  is  even  observed  at 
frequencies  as  high  as  C-band,  but  rarely  [FVanke,  et  at., 
1984]. 

The  DNA  PEAK  experiment  was  developed  with  the 
msuof  80^  of  using  the  severely  disturbed  ionospheric 
propagation  channel  3  measure  and  record  worst-case 
propagation  effects.  The  primary  experiment  utilized 
ALTAIR,  a  high-performance  long  range  VHF/UHF 
tracking  radar.  The  ALTAIR  VHF  signal  is  of  prime 
interest  since  the  lower  frequency  experiences  the  greatest 
degree  of  scintillation.  The  goal  of  the  DNA  program  is  to 
measure  radar  signal  propagation  effects,  determine  the 
irregularity  structure,  measure  the  radar  performance 
degradation,  and  then  to  relate  the  performance 
degradation  to  the  measured  propagation  disturbances  and 
to  the  m-si(a  irregularity  structure. 


rnf£  (See) 

Figure  1.  UHF  RCS,  avera^  RCS,  S4,  and  average 
signai-to-noiae  ratio  for  Cosmos  1427, 


PEAK  9C,  8/20/88,  9:18  PM. 


6-2 


The  figure  shows  the  measured  UHF  radar  cross 
section  in  decibels  below  a  square  meter  as  a  function  of 
ALTAIR  tag  time,  which  is  time  measured  from  the  start 
of  track.  Notice  the  abrupt  onset  of  a  patch  of  severe 
scintillation  starting  at  a  time  of  135  seconds  and  ending 
at  220  seconds.  The  elevation  at  140  seconds  is  7.5°  and  is 
increasing  slowly  until  about  300  seconds  when  the 
satellite  begins  to  descend.  This  high  elevation  angle  rules 
out  ground  multipath  as  the  source  of  the  observed  signal 
Buctuations. 

The  lower  three  frames  in  Figure  1  show  computed 
quantities  obtained  by  averagiiig  the  UHF  data  over  1500 
consecutive  received  pulses.  The  second  frame  gives  the 
average  RCS.  The  average  is  obtained  by  summing  1500 
values  of  RCS,  dividing  the  sum  by  1500,  and  then 
converting  to  decibels.  The  third  frame  gives  the  values  of 
Si  discussed  below.  The  bottom  frame  shows  the  average 
signal-to-noise  ratio  (SNR]  computed  by  averaging  the 
ratio  of  the  power  in  the  track  gate  to  the  power  in  the  last 
recorded  range  gate.  Timt^-samples  of  the  received  UHF 
pulse  are  recorded  corresponding  to  a  spatial  separation  of 
15  m;  the  track  gate  (where  the  radar  tracker  attempts  to 
place  the  peak  of  the  return  signal)  corresponds  to  sample 
number  4,  the  last  recorded  sample  is  number  12.  Note 
that  our  SNR  measurements  could  be  corrupted  by  range 
sidelobes,  but  are  not  here  since  the  range  sidelobes  are  35 
dB  below  the  peak  and,  therefore,  below  the  noise,  for  the 
most  part.  Unfortunately,  we  do  not  have  available  for 
analysis  the  radar’s  actual  noise  power  measurement. 

An  enhancement  in  received  average  RCS  during 
scintillation  is  clearly  visible  in  the  second  frame  of  Figure 
1 .  If  one  uses  the  period  between  250  to  300  seconds  to 
measure  the  mean  RCS  without  scintillation,  increases  in 
RCS  due  to  scintillation  approaching  3  dB  are  apparent  in 
the  period  140-210  seconds. 

Figures  2-5  present  all  the  data  that  we  were  able  to 
analyze  to  measure  this  enhancement  in  the  average 
received  power  (or  RCS)  during  scintillation.  Figures  1-5 
each  consist  of  four  frames  showing  single-pulse 
measurements  of  the  received  RCS,  and  values  of  the 
average  RCS,  the  scintillation  index  (defined  below), 
and  values  of  the  average  SNR.  The  average  quantities 
were  calculated  by  averaging  1500  consecutive  samples  of 
recorded  data,  or  about  4  seconds  of  consecutive  data 
during  the  satellite  pass.  Figures  1-2  and  4-5  show  data 
taken  during  four  tracks  of  COSMOS  1427.  The  data 
shown  in  Figure  3  was  taken  during  a  pass  of  LCS-4,  a  MIT 
Lincoln  Laboratory  calibration  satellite.  LCS-4  is  smaller 
than  COSMOS  1427  and  at  a  higher  altitude  of  770  km. 

In  each  figure  we  see  that  there  is  a  distinct 
correlation  between  the  severity  of  the  scintillation  and  an 
increase  in  the  measured  average  SNR.  We  will  show  in  the 
following  that  this  enhancement  in  measured  average  RCS 
and  power  is  due  to  focusing. 

Scintillation  Index  (St).  The  level  of  amplitude 
scintillation  is  often  measured  by  the  St  scintillation  index 
defined  as  the  normalized  standard  deviation  of  the  RCS 
obtained  from  a  constant-RCS  target. 

Si  =  ((P*)  -  (P)’)/(P)*,  where  P  is  the  apparent  radar 
RCS  (the  fluctuations  in  P  are  due  to  scintillation)  and 
the  angle  brackets  denote  a  stochastic  average.  Values  of 
Si  on  a  one-way  path  generally  range  from  a  minimum  of 
zero  signifying  no  scintillation  to  a  maximum  of  unity 
indicating  worst-case  itayleigh  fading  where  the 
quadrature  components  of  the  received  (one-way)  signal 
are  uncorrelated  Gaussian  variates. 

To  measure  a  single  value  of  Si,  1500  values  of 
sampled  RCS  measurements  (corresponding  to  about  4 
seconds  of  data  during  the  satellite  pass]  were  averaged. 
Note  that  the  measurements  of  Si  exceed  in  many  cases 
the  maximum  value  =  2.24,  valid  for  saturated 
scintillation  in  the  tvm-way  radar  geometry  [Kntftp  and 
Reinkini,  1989|.  This  m  the  result  of  focusing  cau^  by 
large  scale  irregularities  “close  to”  the  radar  location. 
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Figure  2.  UHF  RCS,  average  RCS,  Si,  and  average 
signal-to-noise  ratio  for  Cosmos  1427, 
PEAK  2G,  8/7/88,  1:14  AM. 


Figure  S.  UHF  RCS,  average  RCS,  Si,  and  average 
signal-to-noise  ratio  for  LCS-4,  PEAK  6G, 
8/15/88,  12:53  AM. 
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igure  4.  UHF  RCS,  average  RCS,  S4,  and  average 
signal-to-noise  ratio  for  Cosmos  1427, 
PEAK  7C,  %lnlSS,  9:56  PM. 


Figure  5.  UHF  RCS,  average  RCS,  S4,  and  average 
signal-to-noise  ratio  for  Cosmos  1427, 
PEAK  6F,  8/15/88,  12:07  AM. 


Equivalently,  the  Fresnel  zone  size  b  larger  than  the 
freezing  scale  of  the  irregularities. 

THEORY  OF  POWER  ENHANCEMENT 


In  the  following  a  simple  expression  b  obtained  for  the 
two-frequency,  two-position,  two-time  mutual  coherence 
function  (MCF)  for  the  case  of  two-way  propagation  from 
a  radar  antenna  to  a  point  target  and  back  to  the  antenna. 
The  result  b  given  in  terms  of  products  of  the  one-way 
MCFs  for  propagation  frrom  the  radar  target  to  the  radar 
transmit  and  receive  locatioiu  and  b  valid  for  saturated 
scintillation  where  the  quadrature  components  of  the 
signal,  after  one-way  propagation,  are  uncorrelated 
Gaussian  variates.  Thb  result  explains  the  observed 
enhancement  as  caused  by  correlation  of  the  wave  that 
propsLgates  from  the  radar  location  to  the  target  with  the 
wave  that  propagates  from  the  target  to  the  radar. 

The  backscatter  enhancement  appears  to  have  first 
been  noticed  by  Watson  in  1969.  Several  authors  \de  Wolf, 
1971;  Fante,  1973]  have  predicted  enhancements  of  a  factor 
of  two  in  the  case  of  backscatter  from  a  turbutent  plasma. 
Yeh  jl983]  calculated  the  two-position,  two-frequency  MCF 
for  the  case  of  radar  backscatter  from  a  target  locat^ 
within  a  random  medium,  which  b  similar  to  the  present 
calculation.  Our  calculation  differs  from  Yeh’s  in  that  it 
also  includes  the  effects  of  possible  temporal  decorrelation 
due  to  changes  with  time  in  the  propagation  medium  or 
propagation  geometry  as  well  as  temporal  changes  during 
the  time  of  travel  of  the  propagating  signal.  More  recent 
work  has  concentrated  on  the  backscatter  enhancement 
from  rough  surfaces  and  from  media  consisting  of 
randomly  distributed  particles  \Kuga,  et  al.,  1989]. 

Consider  the  problem  illustrated  in  Figure  6  of  a  wave 
transmitied  at  time  (  at  a  center  radian  frequency  of  10 
with  time  dependence  exp(tu>t)  from  an  aperture  antenna 
located  in  the  p,-plane  at  Fante  [1985],  gives  the 
received  field  using  the  Huygens-Fresnel  Principle  under 
two  importemt  assumptions.  First,  the  transmitted  signal 
must  be  narrow-band  about  the  center  radian  frequency  w, 
and  second,  the  time  rate  of  change  of  the 
index-of-refraction  fluctuations  and  of  the  transmitted 
temporal  envelope  must  be  slow  in  comparbon  to  the 
radian  frequency  u.  These  conditions  are  generally 
satisfied  in  modern  pubed  radars.  In  thb  case  the  field 
received  after  propagation  from  the  antenna  to  a  location 
in  the  plane  of  the  scattering  layer,  is 


t'inc  j  )  ~  j ^p\^(Px  ~  Pt)Gi[p4  — * 

(1) 
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Figure  6.  Two-way  scattering  geometry. 
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From  the  figure  Zt  is  the  distance  along  the  direction 
of  propagation  from  the  transmitter  plane  to  a  scattering 
layer.  The  quantity  Z,  is  the  >iistance  from  the  scattering 
layer  to  the  target  location,  £a(A.,u)  is  the 
frequency-domain  representation  of  ^e  signal  transmitted 
from  location  and  A(p^  —  pr)  is  the  aperture  weighting 
function  for  the  transmit  antenna  located  at  position  pr- 
For  example,  the  choice  A{p)  =  constant  for  \p\  <  po  and 
zero  otherwise  is  appropriate  for  a  circular  antenna.  The 
time  dependence  t  in  the  propagator  Gi,  given  by 
Equation  3,  signifies  that  the  transmission  occurs  at  time 
t.  The  signal  arrives  at  the  scattering  layer  at  a  later  time, 
t  +  Zt/c  as  included  in  the  expression  for  The 
propagator  is  given  as 


Then  the  expression  for  the  desired  autocorrelation 
function  after  two-way  propagation  is  obtained  as 


—  wj;  A)  =  1 4- 2r  4- A) 

E'^{Pa,ut,t  +  2T))  (8) 

where  the  angle  brackets  denote  stochastic  average. 
E,a,{pRi)  is  the  voltage  received  at  pgi,  due  to  a 
transmitter  at  pri]  Er„{pRt)  is  the  voltage  received  at  pRj 
due  to  a  transmitter  at  pn-  To  proceed  further, 
reciprocity  must  be  invoked  to  relate  upward  and 
down-going  waves  through  the  expression 


(2) 


Now  the  signal  in  the  target  plane  may  be  written  by 
propagating  in  the  same  manner  from  the  scattering  layer 
up  to  the  target.  The  result  can  be  expressed  as 


EttriPii,!^,*  +  t)  =  j 

-*  p,\u-,t  + (3) 

where  the  propagator,  Gj  accounts  for  propagation  of  a 
wave  starting  from  the  layer  at  time  t  4-  Ztje,  and  includes 
the  phase  term  ip  which  gives  the  scattering  laver 
contribution  to  the  phase  in  the  Huygens-Fresnel  principle. 


exp|-«*^,  -  4-  (4) 

For  simplification,  the  above  three  equations  can  be 
combined  as 


E^^(p^,^,t+r)  =  I  dp\A{p.-PT)G^^(p.  p,-,ui;t)Eo(pr,<^) 

(5) 

which  represents  upward  propagation  of  a  wave  from  the 
fi,-plane  starting  at  time  t,  to  the  p,-plane  or  target  plane, 
arriving  at  time  t  4-  r  where  t  —  (Zi  +  Zr)lc.  The  quantity 
is  a  time-variable  (varying  with  t)  transfer  function  for 
a  sinusoid  of  radian  frequency  w. 

Now  let  the  tsu-get  be  a  point  scatterer  with  unity 
reflectivity  and  located  at  Then  the  field  received  at 
time  f  4-  2r  after  downward  propagation  from  the  target 
back  to  the  radar  location  is  given  as 


Gup(p»  — ►  Py\^\i)  —  Gdown  {pi  — >  Pz\'^\^  H — (9) 

The  above  equation  states  reciprocity  as  follows.  In 
prop2igating  upward,  starting  at  time  t,  the  wave  arrives  at 
the  layer  at  time  t  +  Ztjc-,  in  downward  propagation 
starting  at  time  t  4-  (Zi  —  ZA  jc,  the  wave  arrives  at  the 
screen  at  time  t  +  {Z,  -  Zr)lc  4-  Z,/c  =  f  -t-  Ztjc,  i.e.,  the 
same  time.  Thus  the  scattering  layer  is  in  the  same 
position  for  upward  as  it  is  for  downward  propagation,  so 
reciprocity  holds. 

Application  of  reciprocity  allows  one  to  replace  the 
upward-going  transfer  functions  with  their  equivalent 
downward-going  transfer  functions. 

Now,  if  scintillation  is  saturated  on  a  one-way  propagation 
path  so  that  Gjown  is  a  complex  Gaussian  variate,  then  one 
can  write  the  fourth-order  moment  using  the  well-known 
expression 

(l,I,Xsl4)  =  (x,Zj>(lsI«>  4-  (x,xj){x,x,)  4-  (xiX4)(X2Xs). 

In  the  application  of  this  expression  for  the 
fourth-order  momente,  the  term  (Gdo,nGdo,n>(Gdo,„Gd,„„> 
is  found  to  be  of  the  form  ((iZe*)  -  (/m*))*  where  the 
variances  of  real  and  imaginary  ptu'ts  are  equal,  giving 
zero.  The  other  two  terms  are  written  in  Equation  10  as 
the  products  of  MCFs  valid  for  the  downward  path  (Fdown) 
from  the  target  to  the  various  transmitter  and  receiver 
locations.  Fjo  is  the  two-way  MCF  in  the  absence  of  a 
scattering  layer. 


Fj  =  F20  |Fdown  (/*«]  -  PmlWi  -  A) 
Fdown  (Pt\  -  pTit'^l  - 
+  Fdown  -  pTt'y^l  -  U'rl  A - 

Fdown  ~  pR2i<^l  -  W2;  A  4 I 

Eo(Prii  >^i)Eg(pTi,i^2) 


(10) 


E„,(pR,ui,t  +  2T)  =  J  dplB{p,-pR) 

Gd„wn(^,„  -*  4-  T)E,^{pf„,u,t  +  r)  (6) 

Equations  5-6  can  be  combined  to  yield  a  simplified 
expression 

ETcy(pR,'^,t  +  2t)  =  j  dp'ldp'^ A(^,  -  Pt]B{/^  -  Pr) 
Gdown(^»o  +  ’■)G„p(^,  — ►  p^;u\t)  Ea(lf,,u)  (7) 

where  the  quantity  B(jfl  -  Pr)  specifies  the  aperture 
weighting  function  for  the  receive  antenna  which  is  located 
with  its  phase-center  at  Pr  at  time  t  +  2r.  Now  simplify  by 
letting  both  transmit  and  receive  apertures  be  point 
antennas  so  A(^,  -  Pr)  =  ~  Pr)  and  similarly  for  B. 


where  A„  =  uij  —  u>2  and  S  =  2^,/c. 

The  quantity  pri  is  the  transmitter  location  at  time 
t  4-  A;  prt  is  the  transmitter  location  at  time  f;  pRi  and 
pRt  are  the  receiver  locations  at  times  t  4-  2r  4-  A  and 
t  +  2r,  respectively.  The  quantity  2Zr/c  b  the  time 
required  for  the  wave  to  propagate  from  the  scattering 
layer  to  the  target,  and  then  back  to  the  scattering  layer. 
Changes  in  the  medium  that  occur  more  rapidly  than 
2Zr/e  can  act  to  decorrelate  the  up  and  down-going  waves 
and  reduce  or  eliminate  the  backscatter  enhancement. 
Equation  10  is  in  agreement  with  Yeh  [1983], 

Expressions  for  Fdown  ui<f  Fto  for  this  geometry  are 
given  in  Knepp  |19f^;  1985). 

If  transmitter  and  receiver  are  far  from  one  another, 
the  second  term  in  Equation  10  b  zero,  since  each  Fdown  b 
separately  zero.  If  transmitter  and  receiver  are  collocated 
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and  2Z,/c  ia  small,  the  second  term  is  equal  to  the  first 
term  and  thereby  represents  the  enhancement.  The 
enhancement  depends  on  the  relative  positions  of 
transmitter  and  receiver  at  two  different  times.  It  is 
therefore  important  in  the  evaluation  of  the  performance  of 
space-based  radar,  particularly  displaced  phase  center 
antenna  (DPCA)  wherein  the  transmit  and  receive 
phase-centers  have  complicated  relative  motion. 

For  the  case  of  no  scattering,  the  resulting  expression 
loi-  liie  mCF  is  ra(no3cintJ  =  TioEo{PTit<^i}Eo(PTi,<^3)- 
For  the  case  cf  a  inonostatic  radar  geometry  with  small 
■  *■  r’  '  '’7  /r  i.  that  Fdown  —  1  ill  al!  cases 

in  Equation  10,  one  outains 

r](monostatic  radar)  =  2r](no  scintillation)  or  a  3  dB 
increase  in  average  received  power  above  that  measured 
with  no  scintillation. 

Measurements  of  the  Enhancement.  Now  if  one 
restricts  consideration  to  only  the  first-order  or  signal 
amplitude  statistics,  it  ia  possible  to  relate  the  amount  of 
the  enhancement  to  the  severity  of  the  signal  fluctuations. 
At  its  simplest  the  enhancement  can  be  derived  using 
reciprocity  which  states  that,  if  the  propagation 
environment  ia  unchanging,  a  signal  with  a  single 
frequency  component  traverses  the  same  path  in  traveling 
from  the  radar  to  the  target  and  back. 

In  that  case  the  voltage  after  two-way  propagation  is 
proportional  to  the  square  of  the  one-way  voltage.  Now  if 
the  one-way  signal  experiences  saturated  scintillation  in 
which  the  quadrature  components  are  uncorrelated 
Gaussian  variates,  then  it  is  easy  to  show  that  the  MCF 
for  two-way  propagation  is  twice  the  square  of  the  one-way 
MCF.  Equation  10  is  the  result  of  a  more  detailed 
derivation  which  similarly  predicts  the  factor  of  two 
enhancement  for  the  case  of  a  monostatic  radar  geometry 
and  the  special  case  of  small  Z,le. 

The  Nakagami-m  [Nakasami,  1960]  probability 
distribution  is  a  simple,  one-parameter  distribution  that 
correctly  describes  both  the  weak  and  strong  scatter  limits 
of  ionospheric  scintillation  and  has  been  found  to  give  a 
very  good  fit  to  observed  scintillation  data  [Fremouui,  «< 
a/.,  1980]  over  a  wide  range  of  scintillation  conditions. 
Under  the  assumption  of  Nakagsimi-m  statistics  for  the 
one-way  power,  the  probability  density  function  (pdf)  of 
received  RCS  is  given  by  Equation  3.4  of  Knepp  and 
Reinking  [1989|. 

If  reciprocity  holds,  the  radar  measures  the  two-way 
RCS,  <J  =  5’  which  then  has  the  pdf  given  by 


p.:[Q)dQ 


2r(m)(5)'»“‘’’t  (S)  I 

Q  >  0,  (two  -  way) 


dQ, 


in) 


where  m  =  1/S’ (one  —  way). 

We  have  compared  our  measurements  of  the 
cumulative  power  distribution  function  with  Equation  11 
and  have  obtained  good  agreement  for  all  values  of 
measured  Si.  This  agreement  with  a  well-known 
distribution  is  useful  since  it  removes  the  possibility  of 
statistics  as  a  possible  cause  of  the  observed  enhancement 
in  average  power. 

From  Equation  11  the  mean  received  two-way  power 
can  be  computed  in  terms  of  the  square  of  the  one-way 
power  as  {Q)  =  J”  Pi{Q)QdQ  =  ^"^-'^(5)’.  In  the  case  of 
a  constant  signal  with  no  fading.  Si  is  zero,  m  is  infinity 
and  one  obtains  (Q(no  scint))  =  (S)’  which  can  be 
combined  with  the  above  expression  to  yield  a  relationship 
between  average  RCS  and  m  where  m  is  appropriate  to  the 
one-way  propagation  path. 

(RCS)  ^ 

RCS  (no  scint)  m  ' 


Tabic  1,  Summary  of  Data  Analyzed  to  Measure 
Enhancement  Statistics. 


Satellite 

Pass 

Designation 

Total 

Time  Interval 
Analyzed 

Time  Interval 
for  RCS  (no  scint) 
Measurement 

PEAK  2G 

8/7/88;  1;14  AM 

200-600  sec 

590-630  sec 

PEAK  6G 

8/15/88;  12:53  AM 

70-400  sec 

380-390  sec 

PEAK  7C 

8/17/88;  9:56  PM 

80-360  sec 

90-110  sec 

PEAK  6F 

8/15/88;  12:07  AM 

160-400  sec 

160-180  sec 

PEAK  9C 

8/20/88;  9:18  PM 

130-380  sec 

250-300  sec 

Table  1  calls  out  the  dal.;  intervals  that  were  analyzed 
from  the  five  satellite  passes  of  Figures  1-5.  For  each  pass, 
we  first  determined  the  average  RCS  without  scintillation. 
This  measurement  was  necessary  because  the  ALTAIR 
RCS  calibration  was  not  constant  during  the  month-long 
experimental  campaign.  The  average  RCS  under 
conditions  of  no  scintillation  was  obtained  for  each  pass  by 
averaging  all  the  RCS  measurements  during  the  time 
intervals  shown  in  the  third  column  of  the  table. 

Measurements  of  the  average  RCS  and  54  during 
scintillation  were  obtained  using  1500  point  averages  over 
the  time  extent  shown  in  the  second  column  of  the  table. 

In  Figure  7  the  UHF  measurements  of  Si  and  average 
RCS  are  combined  in  a  format  to  check  the  relationship 
given  above.  By  using  the  ALTAIR  data  similar  to  that 
shown  in  Figure  1  it  is  possible  to  measure  all  the  values  in 
Equation  12  to  check  this  relationship.  For  example,  for 
PEAK  9C,  take  the  average  RCS  during  undisturbed 
propagation  conditions  as  the  average  of  the  recei^’ed  RCS 
over  the  interval  250-300  seconds.  Then  consider  the  other 
measurements  of  average  power  and  54  with  (and  without) 
scintillation  during  the  time  period  130-380  seconds.  These 
measurements  of  Si  are  used  to  obtain  the  m-parameter 
through  the  expression 

5’ftwo-way)  =  (4m’  -i-  10m  -t-  6)/(m(m  +  1)’)  [Knepp  and 
Retnking,  1989). 

The  resulting  data  is  then  presented  in  the  form  of  a 
scatter  plot  shown  in  Figure  7  where  the  ratio  of  the 
average  RCS  measurements  with  and  without  scintillation 
are  plotted  as  a  function  of  the  ratio  (m  -f  l)/m.  A 
straight  line  with  unity  slope  corresponds  to  the 
enhancement  theory  described  above. 


Figure  7  shows  similar  UHF  data  for  three  additional 
passes  of  Cosmos  1427  of  (PEAK  2G,  7C,  6^  and  a  pass 
of  a  smaller  U.S.  calibration  sphere,  LCS-4  (PEAK  6G). 

There  is  good  agreement  between  the  data  collected 
in  Figure  7  and  the  theory;  the  value  of  the  standard 
deviation  of  the  data  points  from  the  straight  line  with 
unit  slope  through  the  origin  is  0.17.  The  minimum  SNR 
for  the  UHF  data  Is  22  dB,  so  noise  effects  on  the 
measurements  are  minimal.  The  major  cause  of  variation 
from  the  theory  ia  the  measurement  of  the  undisturbed 
RCS,  which  ia  difficult  during  some  satellite  peisses  without 
noticeable  regions  of  undisturbed  returns.  Radar 
calibration  problems  preclude  the  use  of  a  single  value  for 
undisturbed  RCS.  The  UHF  data  agrees  well  with  the 
theory;  the  VHF  data  (not  shown)  exhibits  much  more 
erratic  behavior,  most  likely  due  to  dispersive  pulse 
spreading  that  causes  loss  In  peak  power  not  accounted  for 
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Figure  7.  Comparison  of  ALTAIR  UHF 

measurements  of  the  enhancement  versus 
theory,  PEAK  9C  (8/20/88;  9:18  pm),  2G 
(8/7/88;  1:14  am),  7C  (8/17/88;  9:56  pm), 
6F  (8/15/88;  12:07  am),  6G  (8/15/88; 
12:53  am). 


in  the  scattering  theory,  and  possibly  due  to  the  reduced 
SNR  available  at  VHF. 

CONCLUSIONS 

This  paper  has  presented  ALTAIR  data  illustrating 
the  effects  of  severe  ionospheric  multipath  on  the  received 
VHF  wideband  chirp  waveform.  Data  for  the  received 
cumulative  distribution  function  after  two-way  propagation 
supports  the  use  of  the  Nakagami-m  distribution  for 
calculations  of  the  probability  of  detection  \Knepp  and 
Reinking,  19891.  The  work  of  Yeh  [1983|  has  been  extended 
to  include  temporal  variation  (which  is  important  for 
long-range  radars)  and  convincing  experimental  proof  of 
the  backscatter  enhancement  due  to  scintillation  is 
presented. 
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DISCUSSION 


E.  Schwelcher  fBEI  ; 

On  the  vlewgraph  entitled  "Backscatter  enhancement  :  general  theory",  you  mentioned 
that  the  "Transmission  Frequency”  was  the  carrier  frequency.  Is  It  not  rather  the  PRF  ? 

Author  s  reply  : 

In  order  to  make  the  narrow-band  approximation.  It  Is  necessary  that  the  variation  In 
the  signal  envelope  be  slow  with  respect  to  the  radar  transmission  frequency,  also 
referred  to  the  ceurier  frequency  In  the  communication  literature.  Fante  discusses  this 
on  page  344  of  Progress  In  OpUcs  XXII.  Elsevier.  1985.  edited  by  Wolf 

C.  Goutelard  (FR)  : 

Avez-vous  examine  I'lnfluence  du  champ  magnetique  qul  n’est  pas  negllgeable  a 
155  MHz  notamment.  Dans  les  statlstiques  que  vous  presentez  en  fonction  du 
parametre  m  de  la  distribution  de  Nakagaml.  la  distribution  des  points  de  part  et 
d'autre  de  la  premiere  blssectrlce  ne  peut-elle  fitre  Interpretee  a  partir  de  ces 
considerations  ? 

Author  s  reply  : 

The  major  effect  of  the  earth's  magnetic  field  at  155  MHz  Is  Faraday  rotation.  However 
ALTAIR  is  circularly  polarized  on  both  transmission  and  reception,  so  there  Is  no 
Impact  on  our  results.  Incidentally,  all  the  enhancement  data  and  statistical  analysis  of 
Its  relationship  to  the  Nakagaml-m  distribution  Is  based  on  the  ALTAIR  UHF  (422  MHz) 
data. 

C.J.  Baker  (UKl : 

Can  you  comment  on  whether  your  experimental  results  can  be  used  to  predict  the 
reduction  in  coherency  of  space  based  radars  particularly  those  operating  at  high 
resolutions  which  employ  long  (many  seconds)  Integration  times. 


The  experimental  results  would  be  ideal  to  measure  space  based  radar  coherent 
processing  degradation  at  VHF  and  UHF.  However  the  theory  needs  to  be  applied  to 
assess  radar  performance  at  other  frequencies  or  for  complicated  antennas,  such  as 
displaced  phase  center  antennas  (DPCA). 
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SUMMARY 

This  paper  presents  a  physically  based  numerical 
method  for  calculating  sea  clutter  at  low  grazing  an¬ 
gles  for  microwave  frequencies.  Sea  clutter  is  mod¬ 
elled  as  a  two-scale  phenomenon:  at  low  grazing  an¬ 
gles,  the  backscattered  energy  is  generated  by  ripples 
on  the  sea  surface.  A  first  order  perturbation  method 
gives  the  backscatter  from  a  small  patch  of  surface,  as 
a  function  of  the  angle  of  incidence  and  of  the  mag¬ 
nitude  of  the  incident  field.  Returns  from  a  clutter 
cell  are  obtained  by  incoherent  summation  of  these 
echoes.  Shadowing  and  tilting  effects  due  to  the  larger 
scale  components  of  the  sea  surface  are  modelled  us¬ 
ing  a  finite  difference  implementation  of  the  parabolic 
equation  method,  which  also  deals  with  atmospheric 
refraction  effects.  Realizations  of  the  sea  surface  with 
the  desired  spectral  characteristics  are  generated  with 
a  Monte  Carlo  method.  Results  are  presented  at  S- 
band  and  X-band  for  a  variety  of  propagation  condi¬ 
tions. 


1.  INTRODUCTION 

The  performance  of  maritime  surveillance  radars  is 
greatly  affected  by  backscatter  from  the  sea  surface. 
The  most  commonly  used  sea-clutter  models  are  em¬ 
pirical,  based  on  clutter  measurements,  and  are  not 
readily  applicable  to  near  horizontal  propagation  ge¬ 
ometries.  The  reason  for  this  is  firstly  that  shadow¬ 
ing  effects  become  important  for  small  grazing  angles, 
and  secondly  that  the  propagation  factor  at  these  an¬ 
gles  deviates  significantly  from  its  4/3  Earth  value 
because  of  refractive  effects  which  are  present  most 
of  the  time  in  the  air/sea  boundary  layer.  Parabolic 
equation  techniques  have  been  used  to  improve  em¬ 
pirical  models  [4,14]  by  taking  the  propagation  factor 
into  account.  However  the  resulting  models  are  still 
empirical  in  nature,  as  the  sea  reflectivity  is  derived 
from  a  limited  set  of  measurements. 

The  technique  presented  in  this  paper  is  based  almost 
entirely  on  the  physics  of  electromagnetic  scattering 


from  a  rough  surface,  although  it  ultimately  relies  on 
a  semi-empirical  description  of  the  sea  surface.  We 
assume  that  backscatter  from  the  sea  surface  at  low 
grazing  angles  is  caused  by  Bragg  scattering  from  cap- 
illwy  waves.  Well-known  formulate  of  perturbation 
theory  may  be  used  to  calculate  the  backscatter  from 
the  ripples  on  a  small  patch  of  the  sea  surface,  know¬ 
ing  the  incident  field  on  that  patch.  If  the  shape  of 
the  sea  surface  is  known,  together  with  the  forward 
propagation  factor  on  the  surface,  a  first  order  approx¬ 
imation  of  the  backscattering  cross-section  of  a  given 
clutter  cell  may  be  obtained  by  incoherent  summation 
of  the  echoes  of  the  small  patches  which  compose  that 
cell. 

The  idea  of  using  a  two-scale  model  is  not  new  (see 
for  example  [1,16,17],  or  more  recently  [15]).  How¬ 
ever  we  believe  that  no  previous  investigator  has  been 
able  to  determine  accurately  the  propagation  factor 
on  the  sea  surface.  The  problem  resides  in  the  mod¬ 
elling  of  the  interaction  of  atmospheric  refraction  ef¬ 
fects  with  diffraction  and  shadowing  from  the  ocean 
surface.  This  difficulty  is  removed  by  the  finite  differ¬ 
ence  implementation  of  the  parabolic  equation  tech¬ 
nique. 

The  parabolic  equation  approximation  to  the 
Helmholtz  wave  equation  was  introduced  by  Fock  [5] 
to  treat  the  problem  of  diffraction  of  radiowaves  by 
the  Earth.  Many  years  later,  it  was  realized  that  this 
approximation  provided  an  elegant  numerical  solution 
to  propagation  problems  where  the  propagation  di¬ 
rections  of  interest  remain  within  a  narrow  angular 
sector. 

Several  investigators  developed  FFT  algorithms  to 
solve  the  parabolic  equation  for  electromagnetic  prop¬ 
agation  problems  in  the  troposphere  (see  for  example 
[3,10]).  These  techniques  are  most  appropriate  when 
atmospheric  refraction  is  the  dominant  phenomenon. 
For  cases  when  diffraction  by  irregular  terrain  has  to 
be  modelled  as  well,  a  finite  difference  implementa¬ 
tion  provides  a  very  flexible  tool.  Finite  difference 
codes  were  first  developed  in  the  underwater  acoustics 
community  [11],  and  then  adapted  for  electromagnetic 
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propagation  in  the  troposphere  [12]. 

The  finite  difference  implementation  of  the  PE  allows 
the  specificatioii  of  an  arbitrary  sea  surface  together 
with  arbitrary  atmospheric  refractive  index  profiles. 
The  main  problem  is  now  the  specification  of  the  sea 
surface.  In  this  paper  we  use  simple  sea  spectra  to 
demonstrate  the  power  of  the  two-scale  PE  method. 

Our  technique  provides  the  usual  advantages  of  nu¬ 
merical  methods,  as  it  allows  a  variety  of  parametric 
studies.  It  also  permits  the  visualization  of  striking 
forward  scatter  effects,  as  welt  as  the  simulation  of 
realistic  snapshots  of  clutter  returns. 

2.  REFRACTION  EFFECTS 

The  main  mechanism  of  non-standard  atmospheric  re¬ 
fraction  over  the  sea  is  the  evaporation  duct  which  is 
caused  by  the  strong  humidity  gradient  just  above  the 
sea  surface.  This  phenomenon  has  been  extensively 
studied,  and  good  radio-meteorological  models  of  the 
evaporation  duct  are  available,  as  well  as  statistics  of 
evaporation  duct  height  [14].  Although  our  method 
can  cope  just  as  well  with  more  general  ducting  struc¬ 
tures,  'n  this  pape;  we  shall  I'.mit  our  investigation  of 
propagation  effects  on  sea  clutter  to  the  case  of  the 
evaporation  duct,  which  is  the  dominant  one  in  prac¬ 
tice. 


section  per  unit  area  ero{R)  for  the  clutter  cell  at  range 
R  by  the  clutter  power  equation 


(4x^)3 


{Mmf) 


(1) 


where  /  is  the  two-way  antenna  pattern  at  the  sea 
surface,  $  is  the  azimuthal  beamwidth  and  r  is  the 
pulse  width. 


We  can  rewrite  «ro(/?)  in  terms  of  the  two-scale  model: 
for  a  clutter  cell  located  between  ranges  R  —  crfA  and 
R  -t-  cr/4,  the  cross-section  of  the  cell  is  obtained  by 
incoherent  summing  of  the  cross-sections  of  the  scat- 
terers  in  the  cell 

CT  fR+crl'i 

—ffo(R)=  /  cr‘o{r)F‘*{r)dr  (2) 

^  Jr-ctIA 

where  F‘*(r)  is  the  2-way  propagation  factor  on  the  sea 
surface  at  range  r  and  (To(r)  is  the  local  cross-section 
per  unit  area  at  range  r.  The  idea  here  is  to  use  the 
finite  difference  implementation  of  the  PE  to  calcu¬ 
late  for  a  realistic  description  of  the  large  scale 
features  of  the  sea  surface.  Then  F^  includes  atmo¬ 
spheric  refraction  effects  as  well  as  shadowing  effects. 
The  local  backscattering  cross-section  per  unit  area 
ao(r)  depends  on  the  small-scale  roughness  produced 
by  capillary  waves. 


Figures  1  and  2  illustrate  the  effects  of  evaporation 
duct  height  on  clutter  returns  at  S-band  and  X-band: 
the  variation  of  the  2-way  propagation  factor  with 
range  is  shown  for  various  evaporation  duct  heights, 
assuming  an  effective  clutter  height  of  1  m.  The  an¬ 
tenna  is  located  at  a  height  of  25  m. 

The  main  effect  of  the  evciporation  duct  is  to  extend 
detection  ranges  and  hence  to  raise  clutter  levels  at 
longer  ranges.  Generally  the  propagation  factor  de- 
'•reases  with  distance  and  increases  with  duct  height, 
hut  the  situation  becomes  more  complex  at  X-band 
for  strong  ducting,  as  interference  patterns  appear 
when  several  lobes  become  trapped  into  the  duct, 

3.  MODELLING  BACKSCATTER 

We  use  a  two-scale  approach  to  backscatter  mod¬ 
elling:  the  sea  surface  is  seen  as  a  collection  of  facets 
on  which  ride  small  scale  ripples  At  very  low  graz¬ 
ing  angles,  backscatter  from  the  sea  surface  is  caused 
r  laiiily  '  }  Bragg  scattering  from  these  short  capil¬ 
lary  wav  is  The  components  of  the  sea  spectrum  for 
large  wavenumbers  have  the  effect  of  tilting  the  facets: 
this  results  in  shadowing  effects,  and  also  in  increased 
backscatter  from  the  steeply  tilted  facets  in  a  rough 
sea. 

Following  [9],  we  define  the  normalized  radar  cross¬ 


For  a  given  large  scale  facet  of  the  sea  surface, 
backscatter  from  the  small-scale  roughness  is  mod¬ 
elled  using  the  first  order  perturbation  method  [8]. 
The  local  backscattering  cross-sections  per  unit  area 
for  horizontal  and  vertical  polarization  are  given  re¬ 
spectively  by 

a//  =  16z-fcJ  cos^  0  4'(2lbi  sin  0,0)  (3) 

=  167r/fcf(l -P  sin^  0)^  'l'(2ibi  sin  0,0)  (4) 

where  ♦  is  the  sea  spectrum,  ki  is  the  wave  number 
of  the  incident  wave  and  0  is  the  angle  of  incidence  on 
the  facet. 

Realizations  of  a  random  sea  surface  with  the  desired 
spectral  characteristics  can  be  generated  by  standard 
Fourier  transform  techniques  [13].  The  basic  ingredi¬ 
ent  is  the  wavenumber  spiectrum  of  the  sea  surface. 
This  topi'"  hais  been  extensively  treated  in  the  litera¬ 
ture.  A  bibliography  can  be  fou.  d  in  [7]. 

Here  we  have  used  the  approximation  of  the  Phillips 
spectrum  given  in  [6] 

<f(k)  =  -k->exp(-k„/k)  (5) 

?r 

in  the  half-space  into  which  the  wind  is  blowing,  where 
I)  is  the  wind  speed  and  ko  =  ?/»’*■  We  take  B  = 
0  005. 
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Angle  of  inciuence:  For  each  facet  of  the  sea  sur¬ 
face,  the  angle  of  incidence  depends  on  the  facet  tilt, 
but  also  on  propagation  conditions.  For  this  first  at¬ 
tempt  at  a  physical  model  of  sea  clutter  for  very  low 
grazing  angles,  we  decided  to  neglect  propagation  ef¬ 
fects  on  the  angle  of  incidence:  our  grazing  angle  is 
just  the  angle  of  the  local  horizontal  with  the  facet  un¬ 
der  consideration.  Obviously  the  assumption  of  hori¬ 
zontal  propagation  is  wrong  at  very  short  ranges,  but 
is  justified  for  the  situations  of  interest  here  which 
involve  relatively  long  ranges  and  low  antennas. 

At  the  ranges  of  interest,  this  approximation  will  have 
very  little  effect  on  the  results  for  vertical  polariza¬ 
tion,  but  it  could  affect  horizontal  polarization  calcu¬ 
lations.  However  atmospheric  refraction  effects  do  not 
affect  propagation  angles  by  more  than  a  fraction  of 
a  degree  [14],  even  for  very  strong  evaporation  ducts. 
By  comparison,  the  sea  slopes  are  usually  of  the  or¬ 
der  of  a  few  degrees  so  that  the  error  on  Oh  is  small 
except  for  very  low  sea  states. 

Polarization  dependence:  With  this  formulation, 
the  polarization  dependence  of  sea  clutter  at  low  grM- 
ing  angles  is  easy  to  understand:  at  microwave  fre¬ 
quencies,  the  electrical  characteristics  of  the  sea  are 
very  similar  for  the  two  polarizations,  so  the  propa¬ 
gation  factor  is  independent  of  polarization.  The  dif¬ 
ference  in  clutter  returns  is  due  to  the  behaviour  of 
the  local  cross-section,  which  is  always  larger  for  ver¬ 
tical  polarization.  As  wind  speed  increases  and  the 
sea  gets  rougher,  the  sea  slopes  increase  and  the  ratio 
of  the  two  cross-sections  gets  closer  to  1.  This  topic 
is  examined  in  more  detail  in  the  next  section. 

Look  direction:  There  are  two  ways  in  which  the 
radar  look  direction  relative  to  the  wind  and  swell 
can  influence  clutter  returns:  first  the  directional  sea- 
spectrum  itself  is  generally  much  more  complex  than 
the  isotropic  Phillips  model  we  have  used  here.  Sec¬ 
ondly  the  angle  of  incidence  on  the  facets  is  a  function 
of  their  azimuthal  tilt  as  well  as  of  their  elevation  from 
the  horizontal.  The  results  we  present  here  are  valid 
for  upwind  conditions,  assuming  that  the  upwind  and 
upswell  directions  coincide. 

4.  EXAMPLES 

In  all  the  examples  that  follow,  the  a,Titennas  are 
located  at  a  height  of  25  m  above  mean  sea  level. 
We  present  results  at  S-band  (3  GHz)  and  X-band 
(10  GHz). 

Figure  3  shows  path  loss  contours  at  X-band  for  a 
10  m  evaporation  duct  for  sea  state  0,  sea  state  4  and 
sea  state  6.  The  large  scale  roughness  of  the  sea  sur¬ 
face  has  a  noticeable  effect  on  the  lobing  pattern,  as  it 
perturbs  specular  reflection:  as  the  sea  gets  rougher, 
the  lobes  are  pushed  upwards  and  start  to  disappear 


as  coherent  reflection  becomes  weaker. 

For  the  clutter  calculations,  we  present  the  results  in 
terms  of  the  reflectivity  <ro  defined  in  Equation  1.  Al¬ 
though  the  dependence  is  not  explicit,  the  reflectivity 
values  are  influenced  by  the  pulse  width,  which  de¬ 
termines  the  integration  bounds  in  Equation  2,  and 
hence  the  amount  of  averaging  that  takes  place.  Here 
we  have  taken  r  =  0.66  ps,  corresponding  to  a  clutter 
cell  of  100  m. 

Figure  4  shows  reflectivity  against  range  at  S-band  for 
a  wind  speed  of  5  m/s  (sea  state  2)  and  several  evapo¬ 
ration  duct  heights,  for  a  vertically  polarized  antenna. 
Similar  results  at  X-band  are  shown  in  Figure  5.  At  S- 
band,  reflectivity  closely  follows  the  variations  of  the 
2-way  propagaticai  factor,  increasing  with  evaporation 
duct  height,  and  generally  decreasing  with  distance. 
An  interesting  feature  of  these  graphs  is  the  similarity 
of  the  small  scale  variations  for  the  four  duct  heights. 
This  indicates  that  it  might  be  possible  to  write  the 
backscattering  cross-section  in  terms  of  the  propaga¬ 
tion  factor  and  of  a  shadowing  function. 

The  X-b£uid  results  show  similar  trends,  except  for 
the  large  variations  obtained  for  the  30  m  duct.  This 
stems  from  the  fact  that  as  more  energy  is  trapped  in 
the  duct  close  to  the  sea  surface,  interference  effects 
due  to  the  large  scale  roughness  of  the  sea  become 
more  important. 

Influence  of  sea  state:  Figure  6  shows  reflectiv¬ 
ity  against  range  at  S-band  for  an  evaporation  duct 
height  of  10  m  and  sea  states  2,  4  and  6,  correspond¬ 
ing  to  wind  speeds  of  5  m/s,  10  m/s  and  15  m/s.  The 
antenna  is  vertically  polarized.  The  trend  certainly 
shows  the  expected  increase  of  reflectivity  with  sea 
state.  This  is  accompanied  by  an  increase  of  spatial 
variability  with  sea  state  which  is  clearly  due  to  the 
stronger  irregularity  of  the  sea  surface. 

Influence  of  polarization:  The  results  of  simula¬ 
tions  carried  out  for  both  vertical  and  horizontal  po- 
leirizations  show  that  the  ratio  itq'  Is  not  sensitive 
to  atmospheric  refraction  conditions  and  depends  es¬ 
sentially  on  frequency  and  sea  state.  Figure  7  shows 
<Tq  /<r^  against  range  at  S-band  for  sea  states  2,  4  and 
6.  As  discussed  in  the  previous  section,  the  reflectiv¬ 
ity  ratio  is  large  for  moderate  sea  and  decreases  for 
rougher  seas. 

Figure  8  shows  o-q  for  sea  state  2,  at  S-band  and 
X-band.  The  polarization  dependence  is  larger  for  the 
larger  wavelength.  This  has  been  noted  by  several  in¬ 
vestigators  [2,16].  We  know  from  Equations  3  and 
4  that  large  polarization  ratios  occur  for  backscatter 
from  facets  making  a  small  angle  with  the  horizontal. 
We  conjecture  that  at  X-band,  these  facets  are  almost 
always  obscured  from  the  transmitter  and  contribute 
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very  little  to  the  tot2J  backscatter,  whereas  more  en¬ 
ergy  can  reach  small  slope  facets  by  diffraction  over 
the  waves  at  lower  frequencies. 

Although  we  have  not  done  it  here,  it  is  possible  to  in¬ 
vestigate  cross-polarization  effects  by  introducing  the 
azimutheil  tilt  of  the  facets  into  Equations  3  and  4. 
The  difficulty  is  then  to  obtain  a  reaJistic  model  for 
the  spectrum  of  the  azimuthal  tilts  along  a  given  di¬ 
rection. 

Variability  of  the  results:  All  the  results  presented 
here  are  derived  from  a  single  realization  of  the  sea 
surface,  and  aire  not  necessarily  representative  of  the 
mean  clutter  returns  for  a  given  sea  state.  Figure  9 
shows  the  variation  of  (Tq  for  two  realizations  of  sea 
state  2,  at  S-band  and  X-band,  with  a  20  m  evapora¬ 
tion  duct.  The  S-band  results  are  very  similar  for  the 
two  runs,  while  quite  large  differences  appear  at  X- 
band.  We  have  already  noted  that  interference  effects 
are  bound  to  be  strong  when  large  quantities  of  energy 
reach  the  surface.  The  resulting  variability  is  likely  to 
be  large  at  X-band  in  strong  ducting  situations. 

Here  we  have  used  two  uncorrelated  realizations  of  the 
sea  surface.  The  method  can  be  taken  one  step  fur¬ 
ther  to  provide  a  tool  for  the  study  of  the  spatial  and 
temporal  fluctuations  of  sea  clutter,  since  successive 
snapshots  can  be  simulated  by  using  an  appropriate 
sequence  of  sea  spectra. 

5.  CONCLUSIONS 

The  two-scale  parabolic  equation  technique  provides 
a  rigorous  numerical  solution  of  the  backscattering 
problem  for  propagation  close  to  the  horizontal  over 
the  rough  sea  surface.  As  a  consequence,  the  diffi¬ 
culties  now  lie  with  the  modelling  of  the  sea  surface 
rather  than  with  the  electromagnetic  scattering. 

Simulations  with  simple  sea  spectra  extend  previous 
work  on  polarization  and  frequency  dependence  of  sea 
clutter  to  the  case  of  very  low  grazing  angles.  More 
generally,  reflectivity  values  can  be  obtained  for  any 
combination  of  radar  parameters,  sea  spectrum  and 
atmospheric  refractivity  profile. 
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Figure  1.  Two-way  propagation  factor  at  S-band  for  various  evaporation  duct  heights 
Antenna  height;  25  m  Effective  clutter  height;  1  m 
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Figure  2.  Two-way  propagation  factor  at  X-band  for  various  evaporation  duct  heights 
Antenna  height;  25  m  Effective  clutter  height;  1  m 
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Figure  3,  Path  loss  contours  at  X-band  for  various  sea  states 
a)  sea  state  0  b)  sea  state  4  c)  sea  state  6 
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Figure  4.  Reflectivity  at  3  GHz  for  various  evaporation  duct  heights 
Sea  state  2 
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Figure  5.  Reflectivity  at  10  GHz  for  various  evaporation  duct  heights 
Sea  state  2 
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Figure  6.  Reflectivity  at  3  GHz  for  various  sea  states 
Evaporation  duct  height:  10  m 
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Figure  7.  Ratio  try  jo  h  (dB)  at  S-band  for  various  sea  states 

Evaporation  duct  height;  10  m 
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F.  Joualllec  IFR) ; 

What  type  of  boundary  condition  Is  applied  on  the  upper  surface  of  the  grid  and  does  it 
affect  the  result  in  the  duct  ? 

Author's  reply ; 

An  absorber  is  applied  in  a  safety  region  above  the  domain  of  Interest,  in  order  to 
eliminate  spurious  reflections.  This  does  not  affect  results  in  the  domain  of  Interest. 

DISCUSSION 


A.  Altlntas  ITUl  ; 

As  fai  as  1  can  see  your  parabolic  equation  analysis  is  scalar  and  limited  to  two 
dimensions.  Can  you  elaborate  on  the  generalization  to  three  dimensions  to  get  the 
cross- polarization  reflection  ? 

Author's  reply  • 

A  first  approximation  of  3  D  situations  may  be  obtained  by  considering  tilted  facets  on 
the  sea  surface.  Full  3  D  parabolic  equation  codes  are  available  and  could  be  used  for  a 
more  exact  solution. 

U.  hammers  fUSI  ; 

One  of  your  vlewgraphs  showed  differences  in  reflectlvltltes  for  horizontal  and  vertical 
polarization  up  to  80  dB.  Is  this  correct  '? 

Author's  reply  : 

1  believe  this  Is  correct  for  low  sea-states,  when  clutter  returns  come  from  capillary 
waves  on  near  horizontal  facets.  I  would  be  glad  to  compare  these  results  to 
measurements. 

(See  also  reply  to  K.  Rao). 


1  -  What  is  the  isolation  ratio  of  V  and  H  components  ? 

2  -  What  is  ^he  dynamic  range  of  the  receiver  ? 

Author's  reply  : 

My  results  are  obtained  from  numerical  simulations.  The  large  difference  between  V-V 
and  H-H  clutter  returns  cannot  be  compared  to  measurements  at  this  stage,  since  no 
published  results  are  available  at  very  low  grazing  angles.  However  the  trend  shown  by 
measurements  at  higher  angles  is  compatible  with  the  simulations  (See  H.C.  Chan, 
"Radar  sea-clutter  at  low  grazing  angles".  lEE  Proc.  F.  Vol  137.  pp  102-112).  1  cannot 
comment  on  experimental  parameters. 

G.  H.  Hagn  (US)  : 

At  very  low  angles  of  arrival  (near  grazing),  8,  the  backscatter  reflection  coefficient  (1)  as 
a  functionary  arrival  angle  drops  rr  jldly  below  a  critical  angle,  0^..  This  phenomena  has 

been  observed  for  botli  vertical  and  horizontal  polarization,  from  both  sea  and  land  and 
it  has  been  discussed  by  P.  Beckmann  and  A.  Spizzichino  .  Can  you  comment  on  this 
critical  angle  phenomena,  in  the  context  of  your  Parabolic  Equation  modeling  of  rough 
sea  backscatter  7 

Author's  reply : 

I  think  the  very  low  angle  of  arrival  region  is  precisely  the  one  that  can  be  treated  with 
the  2 -scale  Parabolic  Equation  technique  :  at  angles  below  the  critical  angle  0^,. 

backscatter  must  come  from  small  scale  roughness  caused  by  capillary  waves.  Above  the 
critical  angle,  diffuse  reflection  from  intermediate  facets  comes  into  play  and  this  is  not 
taken  into  account  in  my  model. 
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Abstract 

In  this  paper,  some  results  relevant  to  experimental  characterization  of  Mediterranean  sea  clutter  are  presented.  The  data  were 
collect^  by  using  a  X-band  coastal  radar  sited  on  an  Italian  Navy  area  in  Livorno.  The  aim  of  this  research  activity  is  the 
collection  of  clutter  samples  in  different  conditions  (weather  conditions,  carrier  frequency,  polarization  and  radar  site)  for 
clutter  models  validation,  performance  assessment  and  optimization  of  the  radar  processor. 


1.  Introduction 

In  this  paper,  some  results  relevant  to  experimental 
characterization  of  Mediterranean  sea  clutter  are  presented. 
The  data  was  collected  during  the  first  step  of  a 
measurement  activity  performed  in  cooperation  between 
the  Institute  of  Electronics  and  Telecommunications 
"G.Vallauri"  of  the  Italian  Navy  (MARTTELERADAR)  and 
the  Department  of  Information  Engineering  of  the 
University  of  Pisa.  The  aim  of  this  research  activity  is  the 
collection  of  clutter  samples  in  different  conditions 
(weather  conditions,  carrier  frequency,  polarization  and 
radar  site)  for  clutter  models  validation,  performance 
assessment  and  optimization  of  the  radar  processor.  In  the 
paper,  the  experimental  set-up  is  presented.  The  dau  were 
collected  by  using  a  X-band  coastal  radar  sited  on  an  Italian 
Navy  area  in  Livorno.  This  first  set  of  measurements  were 
obtained  in  different  weather  conditions  and  for  different 
angles  between  anteruia  bearing  and  wind  directions.  After 
a  brief  review  of  the  sea  clutter  model  proposed  in  the 
literature  [1],  [2],  [3],  [4],  the  methods  used  for  the 
experimental  characterization  of  the  amplitude  distribution 
of  the  echoes  are  presented  and  discussed  In  particular,  the 
analysis  of  the  moments  of  the  intensity  fluctuation  [S] 
and  some  extrapolative  estimators  of  probability  tails 
based  on  the  generalized  extreme  value  theory  (GEW)  [6] 
has  been  applied  on  the  experimental  data.  The  condition 
under  which  the  experiment  was  performed  gives  rise  to 
results  which  show  a  sub-Rayleigh  or  super-Rayleigh 
behaviour  of  the  amplitude  fluctuation.  In  the  first  case  a  K- 
distribution  of  the  intensity  is  a  good  approximation  of 
the  cumulative  distribution  of  the  experimental  data,  while 
in  the  second  case  a  law  with  smaller  second  order  moment 
is  required.  Thus  the  Weibull  distribution  seems  to  fit  well 
experimental  data  in  all  the  situations. 

2.  A  review  of  sea  clutter  models 

When  the  grazing  angle  is  small  and  the  resolution  cell 
dimensions  are  comparable  with  the  sea  swell  wavelength, 
the  amplitude  distribution  of  the  sea  clutter  is  not  a 
Raleigh-type  distribution  and  the  sea  clutter  radar  returns 
show  up  as  spikes.  These  spikes  have  a  decorrelation  time 
of  several  seconds,  which  is  much  longer  than  the 
decorrelation  period  of  some  milliseconds  which  is 
typically  observed  using  low-resolution  radars.  The  formal 
solution  of  the  scattering  problem,  exhibiting  the  correct 
dependence  of  the  probability  distribution  of  the  echo 
envelope  on  the  properties  of  the  scaaering  centres  and  on 
the  fluctuations  of  the  number  N  of  scatterers  contributing 
to  the  field,  has  been  developed  by  E.  Jakeman  [S].  In  his 
approach  the  received  field  is  represented  by  a  two- 
dimensional  random  walk  consisting  of  a  fluctuating 


number  N  of  steps  whose  lengths  (ai)  and  orientations  {(!)(} 
are  statistically  independent  random  variables.  The  random 
phases  ((j)i)  are  assumed  to  be  uniformly  distributed  over 
(0,2rt).  The  normalized  second  moment  of  the  radar  cross 
section  is  then 


<IE(t)I‘^ 

<IE(r)|2>2 


=  2(l+<jJ)-<N>-l(l-aJ) 


(2.1) 


where  E(r)  represents  the  scattered  field  from  the  resolution 
cell  at  the  distance  r  from  the  radar,  <N>  is  the  average 
..  .  2  Var(N)  .  . 

number  of  scatterers  per  cell  and  Ojq=  ”^^2 


normalized  variance  of  the  r.v.  N  and  Oa  = - '  is  the 

"  <a2>2 

normalized  variance  of  the  cross  section  of  a  single 
scatterer. 

Eqn.  (2.1)  emphasizes  the  effect  of  the  fluctuations  of  N, 
because  it  can  signilicantly  increase  M2,  which  entails  a 
longer  tail  in  the  amplitude  distribution.  If  N  is  distributed 
according  to  the  negative  binomial  distribution 


p  _^N-mi-1\  (<N>/a)^ 

^  ^  ^  (l-KN>/a)N+« 


ooO  (2.2) 


where  a  is  a  h-ee  parameter  measuring  the  "degree  of  the 
bunching"  in  a  tune  sequence  of  events,  a  K-distribution  of 
the  amplitude  results,  whatever  the  properties  of  the 
individual  steps. 

Note  that  the  variance  of  the  negative  binomial 
2 

distribution  is  Oj^  =<N>(l-t-<N>/a)  and  tends  to  <N>  when 

a-»<»  (  Poisson  distribution). 

In  this  case  eqn.(2.1)  becomes 


M  =2(i^-i)-^-fy^ 

*  <N> 


(.23) 


The  concept  of  bunched  scatterers  is  well  justified  by 
observing  that,  if  the  large-scale  sea  structure  is  resolved, 
the  mean  level  of  the  clutter  fluctuates  reproducing  the  sea 
swell  structure. 
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Many  experimental  data,  referred  in  the  literature,  fit  quite 
well  the  K-distribution  in  the  range  of  of  practical 

interest,  i.e.  2<M2<10. 

In  the  previous  model  both  the  distribution  of  the  number 
of  scatterers  and  the  distribution  of  sea  clutter  renims  for  a 
given  number  of  steps  N  are  of  fundamental  importance. 
Particularly,  eqn.(2.1)  shows  that  if  the  cross  sections 
(ai^)  are  spatially  uniform  (OA^— *0)  and 
second  moment  decreases  with  <N>.  This  effect  can  be 
enhanced  if  the  assumption  of  randomness  in  the  phases 
{^i),  which  is  plausible  in  confused  short-crested  sea,  fails 
because  of  a  well-developed  long-crested  swell,  so  that  sub- 
Poisson  fluctuations  occur.  In  this  case  the  scatterers  are 
antibunched  and  simulate  a  specular  effect  (Rician 
distribution).  The  conditions  under  which  our  experiments 
were  performed  give  rise  to  results  which  show  a  sub- 
Rayleigh  or  super-Rayleigh  behaviour  of  the  amplitude.  In 
the  first  case  a  K-distribution  of  the  intensity  is  a  good 
approximation  of  the  cumulative  distribution  of  the 
experimental  data,  while  in  the  second  case  a  law  with 
smaller  second-order  moments  is  required.  Thus  the  Weibull 
distribution  seems  to  fit  experimental  data  well  in  ail 
situations.  The  birth-death  process  used  to  derive  the  K- 
distribution  allows  modeling  the  short-term  and  long-term 
temporal  correlation  properties  of  the  clutter.  Infact  the 
intensity  conelation  function  is  given  by 


<I(t)I(t-)-T)> 

<I(t)><I(t■^■t)> 


=  l■^(l+a■*)ig(t)l^■^a■*0(t) 


(2.4) 


with: 


.  .Aexp(-^T)<a(0:.j  T)><exp(j[0(0)-<i(x)l)>  _ 

g(-t)=  - r— -  (2.5) 

<a‘‘> 


a  pulse  width  of  0.3p.s,  a  pulse  repetition  frequency  of  2000 
Hz,  a  beamwidth  of  4.7°  and  a  transmitted  peak  power  of 
lOOKW. 

The  receiver  is  tuned  on  an  intermediate  frequency  (IF)  of 
60  MHz.  The  IF  signal  is  detected  by  a  logarithmic  detector 
and  then  is  sampled. 

The  IF  amplifier  gain  is  75  dB  for  the  weak  signals  ahd  46 
dB  for  the  strong  signals;  its  dynamic  range  is  about  70 
dB.  A  calibrated  attenuator  (0-1  OdB),  placed  between  the 
mixer  and  the  IF  amplifier,  prevents  the  saturation  in  the 
case  of  particularly  strong  echoes  as  could  be  obtained  for 
sea  state  5-7  . 

The  output  signal  from  the  log-detector  is  checked  by  an 
oscilloscope  for  a  first  qualitative  analysis.  It  is  digitized 
and  acquired  or  by  the  EG&G  model  4420  system  or  by 
Tektronix  7612D  system.The  EG&G  model  4420 
acquisition  and  processing  unit  permits  to  sample  a  signal 
with  a  maximum  rate  of  3  Ksamples/s.  The  RAM  memory 
can  store  8192  data  points,  coded  on  12-bit  words.  An 
external  trigger  pulse  sets  the  sampling  frequency. 

The  trigger  pulse  frequency  was  changed  in  order  to  enlarge 
the  observation  time,  for  any  cell,  from  4s  to  160s. 

The  other  digitizer,  the  Tektronix  7612D,  is  faster  than  the 
EG&G,  but  the  maximum  number  of  samples  that  can  be 
stored  is  2048.  The  maximum  sampling  rate  is  200 
Megasamples/s  and  each  sample  is  coded  as  a  8-bit 
word. With  this  system  was  possible  to  obtain  data  in 
adiacent  resolution  cells.  In  our  experiment  we  obtained 
one  sample  in  each  of  256  consecutive  range  cells,  enough 
to  characterize  the  spatial  autocorrelation  function  of  the 
clutter. 

The  host  computer  controls  via  IEEE-488  interface  both 
acquisition  units  and  allows  to  record  data  on  a  magnetic 
memory  support. 


4  Data  analysis  methods 


e(t)  =  exp[(X-p)tl 


(2.6) 


X  and  p  are  the  birth  rate  and  the  death  rate  of  the  scatterers. 
Thus  in  sub-Rayleigh  conditions  two  contributions  to  the 
autocorrelation  function  with  quite  different  time  scales  can 
be  foreseen.  The  first  contribution  is  due  to  the  interference 
effect  described  by  the  function  lg(t)l,  depending  on  the 
"fine  structure"  fluctuations  produced  by  the  motion  of  the 
scatterers  within  the  patch.  The  second  contribution  is  due 
to  the  fluctuations  of  the  number  of  scatterers  described  by 
0(t)  which  depends  on  the  lifetime  of  the  scatterers.  The 
first  contribution  is  fast  varying  and  its  conelation  time 
can  be  of  the  order  of  10  ms;  the  second 
contribution,which  can  be  associated  with  the  clustering 
effect,  is  slow  varying  and  its  conelation  time  can  be  of 
the  order  of  seconds.  In  the  absence  of  the  bunching  effect 
(Rayleigh  conditions)  the  long-time  term  contribution 
vanishes,  while  in  super-Rayleigh  conditions  a  long 
periodic  time  term,  apparently  connected  with  the  swell. 


Two  types  of  distribution  have  gained  interest  for  the 
modelization  of  amplitude  fluctuation  of  sea  clutter  returns; 
the  Weibull  distribution  and  K-distribution.  The  Weibull 
distribution  of  sea  clutter  was  proposed  by  Fay,  Clarke  and 
Peters  in  1977  [4].  It  has  the  characteristic  of  changing  the 
size  of  the  tail  by  varying  the  sh^  parameter. 

Consider  the  backscatter  coefficient  o  of  the  clutter  (it  is 

o 

proportional  to  the  instantaneous  power  of  the  output  ot 
detector)  and  assume  the  Weibull  distribution  as  a  model  of 
the  clutter  returns  we  have; 


f(0^)  =  —  coj,  exp 


(4.1) 


where  c  is  the  shape  parameter  and  is  the  average 

backscatter  coefficient. 

The  normalized  moments  of  are  given  by: 


must  be  observed.  _ 

E 

r 

r| 

1 

IVI  = 

3  Radar  and  Instrumentation  System. 

i)” 

]m 

(4.2) 


The  measurement  system  consists  essentially  of  four  main 
units;  the  radar  two  digitizer  and  acquisition  sets  and  one 
host  computer.  The  block  diagram  of  the  measurement 
system  is  reported  in  Fig.  3.1. 

The  data  were  taken  using  a  fixed  antenna  of  a  X-band  radar 
with  a  frequency  of  8.94  GHz,  vertical  linear  polarization. 


Fig.  4.1  shows  the  plot  of  the  second  order  moment  as  a 
function  of  the  shape  parameter  c. 

For  c=l  eqn.(4.1)  reduces  to  the  exponential  distribution 
so  that  M2=2.  A  distribution  with  M^  larger  than  2 

exhibits  a  longer  tail  of  the  exponential  and  a  smaller 
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value  of  the  shape  parameter  c.  The  probability  tail  Q(o^) 
can  be  easily  obtained  by  integrating  eqn.(4.1); 


f 


(4.3) 


extrapolative  techniques  based  on  the  generalized  extreme 
value  theory  GEVT.  According  to  this  method  the  unknown 
underlying  probability  tail  is  approximated  by  a  curve 
defmed  by  three  parameters. 

Let  Xi  (i  =  1,  2,.,n)  be  n  i.i.d.  random  variables  with 
distribution  Fx(x).  so  that  the  exact  distribution  of  the 
maximum  Y  =  max(X) . Xn)  is  given  by  ; 


Eqn.(4.3)  suggests  a  simple  heuristic  method  [4]  to 
estimate  the  shape  parameter.  In  fact,  taking 


it  is  obtained: 


c  lOLog  lOLog 


(4.4) 


FY(y)  =  i^(y) 


(4.8) 


From  the  stability  postulate  of  the  generalized  extreme 
value  theory  (GEVT)  and  the  theorem  of  Gnedenko  follows 
that  if  Fx(x)  is  a  member  of  the  class  of  exponential 


distributions  then  F^(y) 


converges  to  an  asymptote: 


from  which  we  have  that  the  shape  parameter  represents  the 
slope  of  the  straight  line  obtained  by  plotting 
10Log(ln(l/Q(o^)])  against  the  value  of  the  backscatter 

coefficient  o  in  units  of  dB. 
o 

To  check  if  the  clutter  distribution  is  Weibull  the 
experimental  histogram  of  the  data  was  evaluated  and  the 
shape  parameter  c  was  estimated  by  fitting  the  histogram 
represented  according  to  the  above  mentioned  technique, 
with  the  straight  line  drawn  by  the  least-squares  method. 
The  root  means  square  error  RMSE  of  the  linear  fit  was 
assumed  as  a  parameter  indicating  the  departure  from  the 
Weibull  distribution. 

Finally,  the  moments  up  to  the  fourth  order  obtained  by 
eqn.(4.2)  for  the  estimated  value  of  c  were  compared  with 
the  moments  estimated  from  the  data. 

The  second  model  that  we  assumed  was  the  K-distribution. 
This  class  of  distributions  was  proposed  by  Jakeman  and 
Pusey  [!’  for  the  sea  clutter  model  and  is  given  by: 


for  V  21,  where  Ky  (•)  is  the  modified  Bessel  function  of  v- 
th  order,  b  is  the  scale  parameter  and  v  is  the  shape 
parameter.  The  noirr.alized  moments  of  are; 


M 

m 


m!  r(m+v) 
vm  r-(v) 


(4.6) 


For  V  approaching  the  infinity,  eqn.(4.6)  reduces  to  the 
exponential  function  and  the  second  order  moment  is 

equal  to  2.  By  using  eqr..(4.6)  the  following  expression  of 
the  shape  parameter  as  a  function  of  M2  can  be  easily 


derived; 

2 


(4.7) 


The  experimental  data  were  checked  by  evaluating  the 
shape  parameter  h^om  the  estimated  second  order  moment 
and  comparing  the  higher  order  moments  calculated  by 
eqn.(4.6)  with  the  estimated  ones. 

A  realistic  clutter  model  represents  the  fundamental  tool  for 
the  performatKe  prediction  of  the  radar  detector  and  for  the 
design  of  optimised  processor  as  CFAR  detector.  However, 
a  different  approach  can  be  followed  to  give  an  estimate  of 
the  false  alarm  rate  of  occurretKe  of  rare  events  as  the  spiky 
returns.  In  fact,  the  problem  can  be  approached  by 


(a 


V  u 


.di-vl/V 


=  exp[-exp(-u)] 


(4.9) 


wiih  V  >0,  if  and  only  if 

n— »<«> 


Uexp(-u) 


(4.10) 


where  Fx(^)  =  1 

(4.11) 

(4.12) 

S 

and  a_  = 

^  v-1 

V  d 

(4.13) 

n 

Lognormal,  Weibull  and  K  distributions  are  members  of  the 
exponential  class.  From  eqn.(4.10)  the  following 
approximation  of  the  probability  tail  is  easily  derived: 

Qx(x)-4xp|.dn  rxv.a;;| 

(4.14) 

where  d  ,  v,  a  are  evaluated  from  eqn.(4.11-  4.13). 
n  n  ^ 

Note  that  the  coefficient  v  must  be  regarded  as  an 
independent  parameter  and  then,  for  a  fixed  n,  we  obtain  a 
set  of  curves  depending  on  v  that  can  be  used  to 
approximate  the  probability  tail.  The  value  of  v  for  which 
the  convergence  of  eqn.(4.9)  is  fastest  can  be  chosen  as  the 
optimum.  For  a  Weibull  distribution  with  shape  parameter 
c  it  is  easy  demonstrated  that  the  maximum  convergence 
rate  is  obtained  for  v  =  c  [6].  Fig.4.2  shows  the 
approximations  of  a  Weibull  distribution  with  parameter  c 
=  0.7  and  <Jo  =  0.003  obtained  by  using  eqn.(4.l4)  with 
v=l  and  v=0.7  respectively.  Note  that  the  curve  for  v=0.7 
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is  a  good  approximation  of  Q(x)  for  very  low  values  (in  the 
order  of  10'®)  of  the  probability  tail. 

Assuming  that  the  underlying  unknown  distribution  of  the 
clutter  amplitude  l^longs  to  the  exponential  class  it 

is  possible  to  derive  from  eqn.(4.10)  a  heuristic  procedure 
to  approximate  the  probability  tail  Q^(x).  Consider  a 

sample  consisting  of  nN  independent  observations  from  a 
population  having  the  distribution  F^(x).  Partitioning  the 

observations  in  N  groups  of  n  elements  and  determining 
the  maximum  of  each  group,  a  N-valued  extremes  sample  of 

the  distribution  Fx(y)  formed.  For  sufficiently  large  n. 

we  can  approximate  the  distribution  of  the  maximum  value 
of  n  i.i.d.  random  variables  with  the  expression  derived 
from  eqn.(4.9): 


(4.15) 


Hence,  an  estimate  of  the  parameters  dn.  a,^  and  v  of  the 
asymptotic  probability  distribution  of  the  maximum  Y  can 
be  found  by  fitting  the  empirical  distribution  of  the  N- 
valued  extremes  sample  with  the  curve  given  by 
eqn.(4.15).  In  this  way,  a  large  saving  in  the  number  of 
observations  necessary  to  estimate  the  probability  of  rare 
events  can  be  achieved.  An  estensive  empirical 
examination  of  the  properties  of  the  GEVT  estimator  is 
presented  in  [6],  where  several  factors  characteristic  of  the 
method  are  considered.  In  particular  the  proble.n  related  to 
the  sample  partition  in  order  to  obtain  a  sample  of 
extremes  is  addressed. 


S.  Experimental  results 

A  First  data  set  was  taken  from  sea  state  3-S  in  a  range 
interval  of  3-lOKm  with  a  sampling  frequency  equal  to  the 
pulse  repetition  frequency  of  the  radar.  Each  value  of  the 
output  from  the  detector,  for  a  fixed  range  bin,  was  recorded 
as  a  12-bit  signal.  The  number  of  data  points  was  8192  for 
each  record.  This  is  equivalent  to  4.096s  according  to 
2000Hz  repetition  frequency.  The  measurements  were 
performed  at  very  low  grazing  angle  and  for  different  wind 
direction  and  velocity.  The  radar  was  installed  on  a 
platform  site  and  the  antenna  height  was  about  10m  above 
the  mean  sea  level.  A  record  of  the  data  obtained  upwind 
and  in  the  range  bin  located  at  4.5  Km  and  for  a  wind 
velocity  of  50  Km/h  is  shown  in  Fig.  5.1.  The  data  were 
preprocessed  in  order  to  compensate  the  non  linearity  of 
the  detector  and  then  the  instantaneous  power  was 
calculated  so  that  values  proportional  to  OQ  were  obtained. 
It  can  be  seen  in  Fig.  5.2  that  the  normalized  backscaiterer 
coefficient  OQ  distribution  can  be  filled  with  a  Weibull 

distribution  with  shape  parameter  c  =  0.66  and  RMSE  = 

/\ 

0.29.  In  Table  1  the  estimates  Mn  of  the  normalized 
moments  up  to  the  fourth  order  compared  with  the  moments 

Mn  of  the  Weibull  distribution  having  the  estimated  shape 
parameter  c.  The  experimental  results  are  in  good  agree 
with  the  Weibull  model.  For  a  fixed  range,  as  the  sea  state 
increased,  the  shape  parameter  c  decreased.  Table  2  shows 
the  results  obuined  assuming  the  K-  distribution  as  the 
model  of  the  clutter  fluctuations.  The  values  of  v  are  in  the 
range  2-25  and  decrease  as  the  sea  state  increase  for  a  fixed 
range.  Also  in  this  case,  the  result  show  a  behaviour  very 
similar  to  the  K-distribution.  This  is  not  surprising,  in 


fact,  for  M2  ranging  in  the  interval  2-6  Weibull  and  K 
distributions  are  very  close. 

The  data  were  collected  during  a  48  hours  period  where  the 
sea  state  varied  considerably.  In  particular,  several 
variations  on  the  direction  and  velocity  of  the  wind 
occurred.  During  the  periods  on  which  a  developed  swell  of 
the  sea  can  be  assum^  we  noted  some  data  set  exhibiting  a 
second  order  moment  less  than  2.  Alth^gh  the  data  are 
characterized  by  low  value  of  the  amplitude  the  mean  power 
is  considerable  higher  than  the  estimated  noise  power 
collected  by  the  system.  Hence,  this  behaviour  (i.e.  M2  < 
2)  could  be  explained  by  the  theoretical  model  relevant  to 
the  Super-Rayleigh  conditions  discussed  in  Section  2. 

A  second  data  set  was  taken  on  longer  time  intervals  by 
reducing  the  sampling  rate  down  to  50Hz.  The  data  were 
collected  during  a  4  hours  period  from  a  sea  state  6.  Each 
record  consists  of  2048  data  points  corresponding  to 
40.96s.  Values  of  M2  in  the  order  of  several  tens 
corresponding  to  a  shape  parameter  of  a  Weibull 
distribution  in  the  range  0.3-0.4  were  obtained. 

The  GEVT  extrapolative  method  was  considered.  At  first,  a 
simulation  lest  was  performed  in  order  to  establish  the  way 
of  partitioning  the  data.  Table  3  shows  the  root  mean 
square  errors  normalized  with  respect  to  the  true 
probability  tail  obtained  for  different  data  partitions.  The 
results  have  been  obtained  on  100  independent  runs  by 
simulating  random  sequences  with  Weibull  distribution 
having  the  shape  and  scale  parameters  close  to  the 
experimental  ones.  A  possible  partition  of  8192  data 
points  (8192  is  the  maximum  record  length  of  the 
experimental  data)  is  given  by  n=16  and  N=512  or  n=8  and 
N=1024.  Hence,  in  this  case,  a  good  approximation  of  the 
probability  tail  in  the  range  10'^  -  10"^  can  be  obtained 
with  small  values  of  n.  The  result  obtained  by  using  the 
GEVT  extrapolative  method  on  a  8192  data  record  are 
reported  in  Fig.  5.3.  The  data,  characterized  by  M2=  3.331, 
were  partitioned  in  1024  groups  of  8  elements.  The 
empirical  distribution  of  extrema  was  used  to  estimate  the 
parameter  of  asymptotic  probability  tail. 


6.  Conclusions 

In  this  paper  some  results  relevant  to  experimental 
characterization  of  the  temporal  distribution  of  the 
Mediterranean  sea  clutter  are  reported  and  discussed.  A 
short  time  analysis  of  the  data  shows  that  sub-Rayleigh  or 
super-Rayleigh  behaviour  of  the  amplitude  fluctuation  can 
be  obtained.  In  the  first  case  a  K-distribution  of  the 
intensity  is  a  good  approximation  of  the  cumulative 
distribution  of  the  experimental  data,  while  in  the  second 
case  a  law  with  smaller  second  order  moment  is  required. 
Thus  the  Weibull  distribution  seems  to  fit  well 
experimental  data  in  all  the  situations.  The  analysis  of 
longer  temporal  sequences  shows  that  very  higher  second 
order  moments  can  be  obtained  for  sea  state  6.  The 
application  of  GEVT  extrapolative  methods  of  probability 
tail  of  the  sea  clutter  data  has  been  considered.  At  the  end 
of  1991  data  will  be  available  from  a  coherent  radar  in  the 
band  1-18  GHz  with  pulsewidth  down  to  5  ns,  arbitrary 
polarization  and  pulse  by  pulse  frequency  agility  and  it  will 
be  possible  a  more  accurate  analysis  cf  the  phenomenon. 
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Fig.  3.1  BIcKk  diagram  of  the  radar  and  acquisition  system 


Io8(Q(*)) 


'eibuU  distribution 


Fig.  4.1  Plot  of  the  normalized  second  order  moment  of  the  Weibull  distribution  against  the  shq)e  par - - 


Fig.  4.2  Approximation  of  a  Weibull  probability  tail  with  parameters  c=0.7  Oq  =  0.003 
by  GEVT  extrapolation  method  with  n=  100  .  v=  1  and  .v  =  0.7 


Voltago  at  tho  output  o(  tho  doctor  (V) 


35- 


n.  of  sampias  (from  0  to  8191  corresponding  to  4.09Ss) 


Fig.  5.1  A  record  of  clulte''  dat’  for  s  fixed  rengi.  bin  locsuid  i:4.5  Kin;  wind  speed  of  40  Km/'n.  upwind, 

8192  samples  corresponding  to  4.096s. 


lOLogfx) 


Fig.  5.2  Fitting  of  the  empirical  distribution  of  clutter  data  with  a  Weibull  distribution 
(M2  =  3J1,  c  =0.67  and  mean  value  of  4.10'^) 


8-9 


Q(x) 

n=8:  N=1024 

n=16:  N=512 

n=32:  N=256 

n=64:  N=128 

10-2 

0.06476 

0.06503 

0.07411 

0.09834 

10-3 

0.24153 

0.25444 

0.25474 

0.24219 

lO-'* 

0.64620 

0.73425 

0.80872 

0.70316 

10-5 

1.47523 

1.82632 

2.20209 

1.88693 

10-6 

3.21232 

4.44497 

5.94729 

5.45013 

10-2 

7.05832 

11.19384 

16.88716 

17.43900 

00 

0 

16.10191 

29.88144 

51.54015 

61.99307 

Table  3 

Empirical  investigation  of  the  effects  due  to  different  partitions  of  the  8192  data  set. 

The  estimated  normalized  mean  square  errors  were  obtained  by  simulating 
random  sequences  with  Weibull  distribution  having  parameters  c=0.67  and  mean  value  0.003. 


X  (coefficient  ofbackscatter) 


Fig.  5  J  GEVT  extrapolation  of  (he  Probabilty  tail  of  a  8192  data  set  with  M2  ^331  md  mean  level  of  0.(X)3. 
The  result  was  obtaine  partitioning  the  data  in  1024  groups  of  8  elements. 
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DISCUSSION 


J.  Tunalev  (CA) : 

Why  was  the  chl-squared  test  not  used  to  compare  theoretics  and  experimental 
frequency  distribution  ? 

Author's  reply  : 

The  results  presented  In  this  paper  were  obtained  following  a  method  commonly  used 
In  literature  (see  for  example  reference  4  In  the  paper).  The  hypothesis  that  the 
WelbuU  distribution  fits  the  data  Is  tested  by  computing  the  RMSE  between  distribution 
of  the  experimental  data  and  the  assumed  distribution.  However,  to  have  a  better 
statistical  Inference,  we  are  going  to  use  Kolmogorov-Smlmoff  test. 

C.J.  Baiter  (UKl  : 

Although  you  conclude  that  the  data  fits  best  to  the  WelbuU  distribution,  would  It  not  be 
better  to  use  the  compound  form  of  the  K-dlstrtbutlon.  This  allows  clutter  correlation 
properties  to  be  Incorporated  Into  any  prediction  calculations  which  are  more 
significant  than  any  difference  In  the  amplitude  statistics  described  by  these  two 
models  ? 

Author's  reply  : 

The  WelbuU  distribution  seems  to  be  a  more  general  model  for  the  distribution  of 
clutter  n'casured  data  because  it  can  represent  with  a  suitable  choice  of  the  shape 
parameter,  a  large  number  of  different  situations  (Mj  ranging  In  the  interval  (1.  +  oo)|. 

This  adaptability  of  the  model  to  these  different  conditions  is  not  possible  with  the  K- 
distribution.  Furthermore,  short  time  temporal  sequences  could  have  a  super  Rayleigh 
behaviour  due  to  specular  effects  and  In  this  case  the  K-compound  model  could  not  be 
applicable  directly. 
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MODELING  AND  MEASURING  MILLIMETER- WAVE  SCATTERING  FROM 
SNOW-COVERED  TERRAIN 
Fawwaz  T.  Ulaby  aiul  Yasuo  Kuga,  and  Richard  Austin 
University  of  Michigan 
The  Radiation  Laboratory 

Department  of  Electrical  Engineering  and  Computer  Science 
3228  EECS  Building 
Ann  Arbor,  Michigan  48109-2122 


SUMMARY 

A  radiative  transfer  model  was  developed  for  characterizing 
radar  backscatter  from  snow-  covered  ground  at  millimeter 
wave-lengths.  The  model  was  used  to  evaluate  the  radar  response 
to  incidence  angle,  snow  depth,  snow  surface  roughness,  and  snow 
liquid  water  content,  for  both  like-  and  cross-polarization 
configurations.  The  model  behavior  was  compared  with 
experimental  observations  made  at  35,  95,  and  140  GHz, 
including  observations  over  diurnal  cycles.  The  experimental  data 
were  acquired  during  the  1989  and  1990  winter  seasons  in 
Michigan  using  a  truck-mounted  millimeter-wave  scatterometer 
system  capable  of  observing  the  ground  surface  over  a  wide  range 
of  incidence  angles  for  all  linear  combinations  of  transmit  and 
receive  antenna  polarizations. 

Comparison  of  the  measured  data  with  model  calculations 
revealed  excellent  agreement  for  dry  snow  as  well  as  when  the 
surface  layer  of  the  snowpack  was  wet.  However,  when  the  surface 
layer  was  dry  and  lower  layers  were  wet,  the  model  results  were 
inconsistent  with  the  radar  observations.  To  deal  with  the  general 
case  wherein  the  liquid  water  content  exhibits  a  nonlinear  profile 
with  depth,  a  hybrid  numerical-first  order  solution  of  the 
radiative  transfer  model  was  developed.  This  hybrid  model 
provided  excellent  agreement  with  the  diurnal  observations  of 
radar  backscatter. 


1  INTRODUCTION 

Although  several  papers  have  appeared  recently  documenting  the 
results  of  millimeter-wave  (MMW)  radar  observations  of 
snow-covered  terrain  [1-9].  the  interaction  mechanisms  responsible 
for  the  observed  ra<lar  response  are  not  well  understood  at  the 
present  time  At  millimeter  wavelengths,  snow  is  a  highly  lossy 
medium,  particularly  when  wet;  consequently,  the  penetration 
depth  is  only  on  the  order  of  a  few  centimeters  [4,  10,  1 1]-  For  dry 
snow,  the  attenuation  is  dominated  by  scattering  because  the  ice 
particles  are  comparable  to  the  wavelength  in  size,  and  for  wet 
snow  both  absorption  and  scattering  are  important. 

The  physical  parameters  that  exhibit  the  strongest  importance 
on  the  radar  backscatter  from  snow  are  snow  surface  roughness, 
crystal  sise.  snow  depth,  and  the  liquid-water  profile  with  depth. 
This  paper  provides  a  radiative  transfer  model  for  characterizing 
MMW  scattering  from  snow  It  uses  experimental  data  in 
conjunction  with  the  quasi-crystalline  approximation  [12]  to 
compute  the  extinction  coefficient  of  the  snow  medium.  The 
results  of  experiments  conducted  at  35.  95,  and  140  GHz  are 
compared  with  theoretical  calculations. 


I  SNOW  MODEL 

In  our  snow  model,  we  assume  ground  snow  to  consist  of  spherical 
ice  particles  embedded  in  a  background  medium.  Liquid  water, 
when  present,  is  included  as  part  of  the  background  medium.  The 
size  of  the  water  inclusion  is  usually  much  smaller  than  the 
wavelength  for  millimeter-wave  remote  sensing.  Therefore,  it  is 
reasonable  to  assume  that  the  water  is  uniformly  distributed  in 
the  snow  and  the  dielectric  constant  of  water  can  be  included  as  a 
part  of  the  background. 

From  ground-truth  data,  we  know  that  the  ice  particles  have  an 
average  diameter  on  the  order  of  0-1-2  mm  and  their  shapes  are 
round  but  non-spherical  In  our  model  we  treat  the  snow  ice 
particles  as  spheres  with  a  normal-size  distribution  with  an 
average  diameter  of  1  mm  and  a  standard  deviation  of  0.2  mm. 
The  values  of  the  dielectric  constant  of  the  ice  particles  needed  in 
this  study  were  obtained  from  Matzler  and  Wegmiiiler,  [13]  and 
are  listed  in  Table  1  Also  from  the  ground-truth  data  measured 
in  conjunction  with  the  experimental  observations,  the  volume 
concentration  of  snow  is  approximately  40%  and  the  snow  depth 
is  0  45  m  These  values  are  used  in  our  model  calculations. 


2.1  Background  Absorption  by  Water 
Inclusions 

The  imaginary  part  of  the  background  dielectric  constant  is 
directly  related  to  the  background  absorption  coefficient.  We  use 
a  dielectric  mixing  formula  to  calculate  the  background  dielectric 
constant,  and  we  assume  that  scattering  by  the  water  particles  to 
be  much  smaller  than  absorption.  The  absorption  coefficient 
of  the  background  medium  is  given  by 

=  2Im{Ml-/)}  0) 

=  (2) 

where  ko  is  the  free  space  wavenumber,  cj  is  the  background 
dielectric  constant,  and  /  is  the  volume  fraction  of  ice  particles. 
To  obtain  the  dielectric  constant  of  the  background,  which  is  a 
mixture  of  air  and  water,  we  use  the  Van  Santen  mixing  formula 
liO], 


(3) 


where  is  the  dielectric  constant  of  water,  mt,  is  the  volumetric 
snow  wetness,  and  Au  is  the  depolarization  factor  which  depends 
on  the  shape  of  the  water  droplet. 

If  the  water  droplet  is  spherical,  Au  is  constant  and  given  by 
Au  s  1/3,  but  the  water  particles  in  snow  are  usually 
non-sphericai  and  they  change  shape  with  the  amount  of  liquid 
water  present  [11].  If  the  liquid  water  content  is  low,  known  as 
the  pendular  regime,  the  values  of  Au  are  close  to  those  for  a 
needle.  On  the  other  hand,  if  the  liquid  water  level  is  high,  known 
as  the  funicular  regime,  the  values  of  Au  are  close  to  those  for  a 
disk.  Hallikainen  et  al.  [11]  provide  plots  for  Aa.  A»  and  A^  as  a 
function  of  mu,  which  show  that  the  transition  from  the  pendular 
to  funicular  regime  occurs  at  around  =  2.5.  These  plots  are 
used  in  all  calculations  of  in  this  paper  (see  Table  1). 


2.2  Scattering  Characteristics  of  Ice  Particles 

The  scattering  characteristics  of  ice  particles  are  calculated  using 
the  Mie  solution.  The  background  dielectric  constant  is  assumed 
to  be  the  real  part  of  listed  in  Table  1.  The  average  total  and 
absorption  cross-sections  are  shown  in  Table  1. 


2.3  Extinction  Coefficient  of  Dry  Snow 


When  snow  is  dry.  lu  attenuation  at  millimeter  wavelengths  is 
due  mainly  to  scattering  by  the  snow  particles.  In  a  sparsely 
distributed  medium  in  which  the  correlation  between  particles 
can  be  neglected,  the  effective  field  approximation  (EFA)  can  be 
applied  and  the  extinction  coefficient  is  linearly  proportional  to 
the  concentration  of  particles  [12].  Ground  snow,  however,  has  an 
ice  volume  fraction  of  10  to  40%  and  the  dielectric  constant  of  ice 
is  much  larger  than  that  of  the  background  medium.  Hence,  the 
independent-scatterers  assumption  is  inappropriate  for  snow, 
which  means  that  correlation  between  adjacent  ice  particles 
should  be  considered  (12).  An  additional  important  phenomenon 
that  must  be  considered  when  treating  propagation  in  a  dense 
medium  like  snow  is  the  fact  that  the  extinction  coefficient  ceases 
to  vary  linearly  with  density.  When  the  volume  fraction  of 
particles  is  more  than  1%,  the  extinction  coefficient  is  no  longer 
linearly  proportional  to  the  number  density.  The  deviation  from 
the  linear  relationship  applicable  at  low  densities  is  related  to  the 
size  parameter,  the  dielectric  constant  and  volume  fraction  of  the 
particles.  Extensive  experimental  and  theoretical  studies  on  the 
extinction  coefficient  in  a  dense  medium  have  been  conducted  in 
recent  years  [12,  14].  The  theoretical  models  include  Twersky’s 
model,  the  perturbation  solution  with  hole-correction,  the 
quasi-crystalline  approximation  (QCA)  with  Percus-Yevick  pair 
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correlation  function,  and  the  quasi-  crystalline  approximation 
with  coherent  potential  (QCA-CP).  Twersky‘s  model  Is  simple 
but  it  is  applicable  only  for  small  particles.  The  formula  based  on 
the  hole-correction  is  valid  if  the  volume  fraction  is  much  less 
than  10%.  For  higher  concentrations,  QCA  and  QCA-CP  with 
the  Percus-Yevick  pair  correlation  function  have  been  shown  to  be 
effective  [12] 

In  the  milli..teter-wave  region  where  the  size  parameter  is  close 
to  1.  we  cannot  use  a  small-parti'-le  approximation.  We  need  to 
solve  the  QCA  numerically.  We  calculated  the  extinction 
coefficient  of  snow  using  the  QCA  with  the  Percuj»-Yevick  pair 
distribution  function  at  35,  95  and  140  GHz.  The  results  are 
listed  in  Table  1.  When  the  volume  fraction  /  is  0  4,  the 
extinction  coefficients  given  by  QCA  are  only  6.5  %  of  those 
calculated  according  to  the  EFA  at  35  GHz  and  similar 
percentages  apply  at  95  and  140  GHz.  The  optical  distance, 
which  IS  defined  as  r  =  (k«  +  Kag)d,  is  shown  in  Fig.  i  as  a 
function  of  liquid  water  content  for  both  EFA  and  QCA. 

According  to  recent  extinction  measurements  conducted  for  dry 
snow  at  35  and  95  GHz  [4],  the  extinction  coefficient  was  found  to 
exhibit  a  strong  dependence  on  snow  type.  The  reported  values  of 
tLe  extinct;  i.  coeffivicr.t  cov-red  ‘he  range  between  0.96  and  15  4 
m"‘  at  35  GHz  and  between  1,9  and  30.7  m“*  at  95  GHz,  with 
estimated  median  values  of  about  3.7  m“*  at  35  GHz  and  19  m'^ 
at  95  GHz.  The  median  value  at  95  GHz  is  close  to  that 
computed  using  the  QCA  method,  but  the  median  extinction 
coefficient  at  35  GHz  is  much  higher  than  that  computed 
according  to  the  QCA  method. 

If  the  optical  distance  is  greater  than  5,  the  backscattering 
coefficient  of  dry  snow  becomes  essentially  independent  of  the 
optical  distance  (in  the  millimeter-wave  region).  For  a  snow 
thickness  of  0.45  m  and  extinction  coefficient  of  19  m"‘,  the 
optical  distance  is  already  more  than  8  at  95  GHz.  Therefore,  the 
exact  value  of  extinction  coefficient  is  not  important  at  95  and  140 
GHz.  However,  an  accurate  estimate  of  the  extinction  coefficient 
is  imporUnt  at  35  GHz  because  r  is  smaller.  In  our  model 
calculations  with  a  volume  fraction  /  =  0.4,  we  used  extinction 
coefficients  of  3  7  m“'  at  35  GHz  and  19  m“*  at  95  GHz.  which 
seem  to  offer  the  best  fit  to  the  experimental  data.  For  snow  with 
other  values  of  /,  the  extinction  coefficient  is  scaled  in  proportion 
to  the  change  in  the  QCA  model.  This  method  is  chosen  because 
the  extinction  coefficient  is  a  non-linear  function  of  /  and  the 
<iensity  dependence  curve  given  by  QCA  has  been  confirmed 
experimentally  (14).  With  this  correction,  for  example,  the 
extinction  coefficient  at  35  GHz  becomes  5.18  m"*,  4.45  m"*.  and 
3.7  m"*  when  the  snow  <lcnsity  /  is  20,  30,  and  40%,  respectively. 
I'll!*’  to  the  lack  oi  tneasured  extinclion-coeffioenl  data  at  140 
GMz,  we  will  tise  the  value  calculated  by  the  QCA  mc»del. 

3  RADIATIVE  TRANSFER  MODEL 


where  $o  is  the  incidence  angle,  m  is  the  rms  slope,  and  r(0)  is 
the  Fresnel  reflection  coefficient  evaluated  at  normal  incidence. 
The  Kirckhoff  approximation  does  not  produce  depoUrization  in 
the  backscatter  direction.  Therefore,  the  total-snow 
backscattering  coefficient  is 


+  <r,M 


(5) 


where  the  superscripts  denote  the  receive/transmit  antenna 
polarizations,  and  the  subscript  sv  refers  to  the  backscattering 
coefficient  of  the  snow  medium.  Details  of  the  model  formulation 
and  solution  are  given  in  Kuga  et  al.  [16]. 


4  SNOW  EXPERIMENTS 

The  measurements  reported  in  this  paper  were  acquired  by  the 
University  of  Michigan’s  truck-mounted  millimeter-wave 
scatterometer  [17,  18].  A  summary  of  the  system’s  specifications 
is  given  in  Table  2.  Ground-truth  observations  were  made  for  the 
fol'owing  parameters:  (a)  air  temperature,  (b)  near-surface  snow 
temperature,  as  well  as  the  temperature  at  deeper  locations  in  the 
snow  layer,  (c)  snow  density  p,  (g/cm®),  (d)  height  profile  of  the 
snow  surface  using  a  graded  metal  plate  inserted  edgewise  into 
the  snow,  from  which  the  rms  height  s  is  calculated,  (e)  depth  of 
the  snow  layer,  (f)  volumetric  liquid  water  content  of  the  surface 
5-cm  layer,  tni,(%),  measured  using  tiie  freezing  calorimeter 
technique  and  (g)  microscope  photographs  of  thin  snow  samples, 
from  which  the  ice  crystal-size  is  estimated. 

The  standard  measurement  procedure  consisted  of  measuring 
the  backscattered  power  for  hh,hv,vh,  and  vv  polarizations  at 
each  of  30  or  more  spatial  locations.  The  backscattering 
coefficient  was  obtained  by  averaging  the  measurements  for  the 
different  spatial  locations.  In  addition  to  spatial  averaging, 
frequency  averaging  was  u.sed  to  further  improve  measurement 
precision  [7].  The  estimated  uncertainty  associated  with  the 
values  reported  in  this  paper  is  ±  0.5  dB.  Analysis  of  the  data 
shows  that  the  hv-  and  vh-  measurements  are  essentially 
identical  (within  a  fraction  of  1  dB),  which  is  expected  from  the 
reciprocity  relation.  In  almost  all  cases,  the  co-poIarizeJ 
responses,  and  were  within  1  -  2  dB  of  each  other. 

Two  sets  of  experiments  were  conducted.  In  the  winter  seasons 
of  1989  and  1990,  the  focus  of  the  experimental  observations  was 
to  evaluate  the  response  of  the  backscattering  coefficient  at  35, 
94,  and  140  GHz  to  snow  surface  roughness  and  liquid  water 
content.  In  1991,  measurements  were  conducted  using  a  35-GHz 
polarimetric  system  to  inve.stigate  the  diurnal  response  of  the 
degree  of  polarization 


Mirrnw.ivf’  rrmcitf'  sf’ii.sing  of  ground  snow  has  been  studied  by 
iii-inv  o'v.archers  in  ih*’  p<i.st  [10]  The*  niodrl  us'ially  used  is 

(in  the  radiative  Ira'  sfer  lln’ory.  wilh  (ho  Rayleigh  phase 
fiiiK  tion  used  for  modeling  the  ice  particles.  This  is  a  good 
appr<iximalion  at  mirrowav^  fre<juen<'ie.s  because  the  ice-particle 
size  i.s  much  smaller  than  die  wavelength.  At  millimeter 
wavelengths,  where  (he  ice  particle  size  is  comparable  to  the 
wavelength,  the  Mie  phase  function  must  be  used  instead. 

Ill  a  dense  medium  like  snow,  we  need  to  modify  the 
conventional  radiative  transfer  theory  to  take  into  account  the 
ciirrelalion  between  particles  A  dense-medium  radiative  transfer 
theory  v\'a.s  recently  developed  using  the  Dyson  equation  with 
Qf'.\-('P  and  the  Heth'-Salpeter  equation  under  the  ladder 
approximation  of  correlated  scatferers  [15].  The  form  of  the 
dense-medium  rad.  itive  transfer  theory  is  the  same  as  the 
conventional  radiati  ’e  transfer  theory  and,  therefore,  the  same 
numerical  techniques  can  be  used  for  its  solution  The  difference 
between  the  conventional  radiative  transfer  theory  and  the 
den.se-medium  radiative  transfer  theory  is  the  extinction  rate, 
wliich  can  be  obtained  by  the  QCA-CP  and  the  new  form  of  the 
albedo  This  dense-medium  modeling  approach  was  further 
modified  by  Kuga  et.  al  [16]  to  incorporate  contributions  due  to 
scattering  by  the  snow  surface  They  used  the  Kirchhoff  model 
with  the  stationary-phase  approximation  to  compute  the 
co-polarized  backscattering  coefficient  of  the  snow  surface 


_  |r(0)p.»p(-i^) 
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5  EXPERIMENTAL 
OBSERVATIONS 

5.1  Angular  Response 

The  data  shown  in  Figure  2  were  measured  for  a  12-cm  thick 
layer  of  dry,  freshly  fallen,  unmetamorphosed  snow  composed  of 
ice  crystals  with  diameters  on  the  order  of  1  mm.  The  measured 
rms  height  was  1,4  mm.  Only  hv~  and  vv-  polarized  data  are 
shown  because  the  difference  between  and  <7^^  is  1  dB  or  less 
across  the  entire  angular  range  at  aii  three  frequencies.  The 
curves  shown  in  the  figure  were  calculated  according  to  the 
theoretical  model  described  Section  3.  For  t>v  polarization,  theory 
and  experiment  are  in  good  agreement  at  35  and  95  GHz.  At  140 
GHz,  however,  the  level  predicted  by  theory  is  lower  than  the 
experimental  observations  for  I’v  polarization  by  about  4  dB.  We 
attribute  the  difference  to  the  backscattering  enhancement  effect, 
which  the  model  does  not  take  into  account. 

A  typical  example  of  the  angular  dependence  for  wet  snow  is 
shown  in  Figure  3.  The  theoretical  curves  were  computed 
assuming  a  mean  ice  crystal  diameter  of  1  mm  and  a  rms  slope  of 
0.07.  Reasonable  agreement  between  theory  and  experiment  is 
obtained  except  for  vv  polarization  of  140  GHz;  we  again 
attribute  the  difference  to  the  backscattering  enhancement  effect, 
although  no  strong  evidence  exists  to  support  this  contention. 


5.2  Effect  of  Snow  Surface  Roughness 


(6) 


Accordtiig  to  the  model  r?suits  presen'^d  in  the  previous  paper, 
snow  surface  roughness  should  have  a  minor  effect  on  the  level  of 
(except  at  normal  incidence)  when  the  snow  is  dry.  For  wet 
snow,  however,  should  increase  by  as  much  as  5  dB  at  35  GIIz 
if  the  surface  is  made  rough  relative  to  the  wavelength,  but  the 
increase  should  not  be  significant  at  95  GHz  or  higher  frequencies 
[16]-  There  is  plenty  of  experimental  evidence  to  support  the 
model  expectations  with  regard  to  dry  snow,  both  at  35  GHz  [1] 
and  95  GHz  [6].  Additional  support  is  provided  by  the  data 
shown  in  Figure  4.  A  detailed  examination  of  the  effect  of  surface 
roughness  on  the  radar  response  from  snow  was  conducted  by 
observing  the  radar  backscatter  as  a  function  of  time  for  three 
sections  of  a  71-cni  deep  snowpack  with  different  surface 
roughnesses  Twelve  sets  of  observations  were  made,  all  at 
^0  —  40*.  for  each  surface  roughness,  starting  at  6:30  am  and 
ending  at  10:00  pm;  each  set  consisted  of  measurements  at  35  and 
95  GHz  for  all  linear  polarization  combinations.  The  measured 
rms  heights  of  the  three  surfaces  were  s\  —  0.49  cm,  sj  =  0.89 
cm,  and  S3  =  1.98  cm.  and  th*;  liquid  water  content  of  the  5-cm 
surface  layer  exhibited  a  Gaus.sian  like  variation  with  a  peak  value 
of  4.8%  (Figure  4). 

Figure  4  shows  a  sample  of  the  measured  data,  specifically  the 
cross-polarized  diurnal  responses  of  all  three  roughnesses  at  both 
35  GHz  and  95  GHz.  /■'cording  to  the  35  GHz  data,  increasing 
the  rms  height  from  0.49  cm  to  0  88  cm  (which  corresponds  to 
increasing  s/\  from  0  57  (slightly  rough)  to  1.02  (rough))  causes 
to  increase  by  1  —  3  clB.  but  increasing  the  roughness  further 
to  S3  =  1.98  cm  does  not  seem  to  have  much  of  an  impact  on 
At  95  GHz.  even  the  least  rough  surface  (with  S\/X  =  1.5)  is 
electromagnelically  very  rough.  Hence,  exhibits  approximately 
the  same  diurnal  pattern  for  all  three  surface  roughnesses.  A 
similar  behavior  was  observed  for  vv  polarization. 

5.3  Dirunal  Response 

Because  the  numerical  solution  of  the  radiative  transfer  model 
described  briefly  in  Section  3  (and  in  more  detail  in  ((16))  takes 
into  account  all  orders  of  multiple  scattering  in  the  snow  volume, 
ila  iinplementalion  requires  a  substantial  amount  of  computer 
processing  time,  in  spite  of  me  fact  that  the  snow  medium  is 
assumed  to  have  uniform  properties  throughout  If  we  were  to 
fornmiate  the  dilution  for  a  multilayer  structure  in  order  to 
accomo'iate  a  nonur'forrn  flepih  profile  for  the  liquid  water 
content  m,  .  the  complexity  of  the  numerical  approach  would 
make  the  5f)luti*ni  coinputalionaily  impractical  On  the  other 
hand,  the  first-order  solution  is  perfectly  amenable  to  computing 
the  backscatter  from  a  medium  with  nonuniform  properties  in  the 
depth  dimension,  but  it  does  not  account  for  multiple  scattering, 
rial))'  et  al  |19)  developed  a  hybrid  model  that  takes  advantage 
of  the  more  accurate  feature  of  the  numerical  solution  and  the 
easier  structure  of  the  first-or«ler  solution.  Their  procedure  was 
applied  to  a  measured  wetnejw  profile,  and  the  results  are  shown 
in  Figure  5  for  hh  polarization  at  35,  95,  and  140  GHz.  The  plots 
compare  the  measured  diurnal  variation  of  (relative  to  its 
value  for  dry-snow  conditions)  with  the  variation  computed  using 
the  hybrid  solution  outlined  above.  Very  good  overall  agreement 
IS  observed  al  all  three  frequencies,  and  similar  agreement  was 
obtained  for  the  other  polarizations  and  for  other  diurnal 
experiments 

5.4  Polarimetric  Response 

To  investigate  the  polarimetric  radar  response  of  snow  at 
millimeter  wavelen'^ths,  35  and  94  GHz  coherent-on-receive 
polarimetric  radar  system  were  constructed  in  1990  and  used  in 
1991  at  test  sites  near  Ann  Arhor  and  Pellston.  Michigan  Only 
part  of  the  3.5-GHz  results  are  ready  for  presentation  in  this 
paper  The  coherenl-on-receive  polariinetric  systems  measure  the 
Mueller  matrix  directly  by  transmitting  six  different  polarizations 
and  receiving  the  magnitude  and  phase  of  the  horizontally 
polarized  and  vertically  polarized  components  of  the  wave 
backscatlored  in  response  to  each  transmitted  polarization  The 
technique  is  described  in  [20] 

From  the  measured  Mueller  matrix,  we  can  compute  the 
backscattering  coefficient  for  any  combination  of  transmit  and 
receive  antenna  polarizations,  as  well  as  the  degree  of  polarization 
m: 


polarized  power 

rn  =  - ; - 

total  power 

where  total  power  includes  both  the  polarized  and  unpolarized 
components  of  the  scattered  energy.  The  degree  of  polarization 
represents  the  average  fraction  of  the  backscattered  power  that 
maintains  coherence  between  the  h  and  v  polarized  components. 

If  the  scattered  wave  is  perfectly  polarized,  as  is  the  case  with 
scattering  from  any  point  target,  then  m  =  1.  For  a  perfectly 
unpolarized  wave,  m  =  0. 

An  experiment  was  conducted  in  February,  1991  to  examine  the 
response  of  tn  to  the  liquid  water  content  and  the  snow 
surface  roughness.  Figures  6-8  show  plots  of  the  vv  and  hv 
backscattering  coefficients,  the  liquid  water  content  rriv,  and  the 
degree  of  polarization  m,  all  as  a  function  of  time  over  a  16-hour 
period,  for  three  snow  surface  roughness  conditions.  The  accuracy 
of  the  liquid-water-content  measurements  is  about  ±0.5%. 
Although  the  overall  diurnal  response  of  the  backscattering 
coefficient  is  driven  by  the  liquid  water  content  of  the  surface 
layer,  appears  to  lead  m„  during  the  melting  cycle,  which  is 
attributed  to  changes  in  in  the  very  surface  layer  that  are  not 
detectable  by  the  freezing  colorimeter  (which  measures  of  the 
top  5-cm  layer),  and  it  lags  during  the  freezing  cycle,  which  is 
attributed  to  the  presence  of  liquid  water  in  layers  deeper  than 
the  5-cm  surface  layer.  The  overall  response  of  is 
approximately  the  same  for  all  three  surface  roughness  conditions. 

The  degred  of  polarization  increases  with  increasing  m*,, 
indicative  of  less  multiple  scattering,  which  is  consistent  with 
theoretical  expectations.  Two  plots  are  shown  for  the  degree  of 
polarization,  one  corresponding  to  a  vertically  polarized 
transmitted  wave,  and  the  other  for  a  circularly  polarized 
transmitted  wave  (right-hand  circular  polarization  and  left-hand 
circular  polarization  gave  approximately  identical  responses).  For 
dry  snow,  the  smooth  surface  data  of  Fig.  6  shows  the  lowest 
values  for  the  degree  of  polarization.  As  the  surface  gets  rougher 
(Figs.  7  and  8),  the  degree  of  polarization  of  dry  snow  increases 
because  the  backscatter  has  comparable  contributions  from  the 
snow  surface  and  volume.  Although  the  degree  of  polarization  is  a 
good  indicator  of  liquid  water  in  the  snow,  its  relative  sensitivity 
is  not  as  large  a.s  that  exhibited  by  the  backscattering  coefficient. 

The  results  of  an  interesting  experiment  that  was  conducted  in 
March,  1991  are  shown  in  Fig.  9.  The  highest  daytime 
temperature  was  below  -3*  C,  and  the  freezing  calorimeter  did  not 
detect  the  presence  of  any  liquid  water  over  the  entire  experiment 
duration.  Yet,  the  backscattering  coefficient  exhibited  a  change  of 
8  dC  for  lu-  polarization  and  10  dB  for  hv  polarization.  This 
change  is  attributed  to  the  presence  of  liquid  water  in  the  very 
surface  layer,  generated  in  response  to  solar  Illumination.  This 
behavior  is  indicative  of  the  strong  sensitivity  of  radar  to  liquid 
water  content,  suggesting  that  a  millimeter-wave  radar  is  perhaps 
a  much  more  sensitive  indicator  of  the  presence  of  liquid  water  in 
snow  than  available  in-situ  devices. 

6  CONCLUDING  REMARKS 

The  radiative  transfer  model  with  the  quasi-crystalline 
approximation,  together  with  the  hybrid  first-order  numerical 
solution,  provide  an  excellent  tool  for  examining  the  radar 
response  of  snow  at  millimeter  wavelengths.  This  conclusion  is 
supported  by  comparisons  of  theoretical  predictions  with 
experimental  ob'icrvations  made  at  35,  95,  and  140  GHz. 

The  degree  of  polarization  provided  by  polarimetric 
observat!«^ns  exhibits  a  dependence  on  liquid  water  content  and 
snow  surface  roughness,  but  its  relative  sensitivity  to  liquid  water 
content  is  not  as  great  as  that  exhibited  by  the  backscattering 
coefficient  <r®,  particularly  for  hv  polarization. 
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tuv;  liquid  water  content  by  volume,  Cb;  background  dielectric  constant,  background 
absorption  coefficient,  K(QCA):  propagation  constant  in  the  snow  layer  obtained  by  QCA, 
Re[n(QCA)];  real  part  of  the  effective  index  of  refraction  obtained  by  QCA,  Kc  (QCA): 


extinction  coefficient  of  ice  particles  obtained  by  QCA,  x^fEFA):  extinction  coefficient  of 
ice  particles  obtained  by  EFA,  Oj  and  Oat  total  and  absorption  cross-sections  of  ice 
panicles  obtaLied  by  EFA. 

Table  1  Diele<ri<*  and  propagation  properties  of  a  snow  medium  with  ice  volume  fraction 
/  =  0.4.  average  ice  particle  diameter  of  1  mm.  and  number  density  N  —  7.64  x  10* 


Water  Content  my{%) 

Figure  1  Optical  distance  r  vtraits  liquid  water  content  m,,  at  35  and  95  GHi.  Snow 
depth  is  0.45  m,  the  ice  volume  fraction  is  0  4,  and  average  ice  particle  diameter  is 
1mm.  EFA  is  the  effective  field  approximation  and  QCA  is  the  quasi-crystalline 
approximation 
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Figure  2  Measured  and  calculated  backscattering  coeflficienl  for 
a  dry  snowpack  with  the  following  parameters;  depth  =  12 
cm,  snow  density  =  02  g/cm^.  mean  crystal  diameter  =  1 
mm,  and  rm$  surface  slope  =  0  07. 
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Figure  3  Mewiired  and  calculated  backscattering  coefficient  for 
a  vet  snowpack  with  the  following  parameters:  depth  =  27 
cm,  snow  density  =  0  4  g/cm’,  mean  crystal  diameter  =  1 
mm,  rmj  surface  slope  =  0  07. 


Slightly  Rough 


Backscailcring  Cocfncicm  (  dB  )  Backscaiicring  Cucmcicnt  0*^,  (  dli )  Uackscaucriiig  Cocfficiciu  0“^  (  dli ) 


y-y 


Smooth  Surface 


Time  of  Day  (hour) 

Figure  6.  Dirunal  response  of  snow  at  35  GHs  measured  in  Ann 
Arbor,  Ml  in  Feb.  1991.  The  surface  is  smooth  with  rms 
height  of  0-7  mm.  The  snow  characteristics:  new  snow, 
depth  =  I3cm,  crystal  shape  =  1mm  long  needle,  snow 
density  =  0.27. 


Time  of  Diy  ( hour ) 

Figure  5  Comparison  of  the  dirunal  variation  of  the  measured 
backscattering  coefficient  (relative  to  dry  snow)  with  that 
using  the  hybrid  first-order  numerical  model 


Degree  of  Polarizalion  Backscatlering  Coefficient  (dD) 


How  did  you  roughen  the  snow  surface  artificially  for  the  35  GHz  measurements  ? 


y-ii 


Also,  to  what  accuracy  could  you  measure  liquid  water  content  of  snow  as  a  function  of 
depth  ? 

Author's  reply  : 

The  snow  surface  was  roughened  with  a  rake.  We  could  not  measure  liquid  water 
content  as  a  function  of  depth.  Our  liquid  water  measurements  are  very  laborious, 
requiring  30  minutes  for  a  single  measurement.  We  kept  two  people  busy  doing  nothing 
but  liquid  water  content  measurements  continuously.  Each  measurement  used  a  snow 
sample  from  the  entire  top  5  cm.  We  would  very  much  like  to  be  able  to  measure  liquid 
water  with  depth. 

The  moisture  profiles  shown  were  based  on  a  model  of  the  snowpack  melting  from  the 
top  then  refreezing  from  the  top.  They  were  numerically  constrained,  so  that  the 
average  moisture  in  the  top  5  cm  was  equal  to  the  measured  value  at  that  time. 

H.  Schimpf  (GEI  : 

Do  you  have  a  physical  explanation  for  the  relation  between  "degree  of  polarization "  and 
the  diurnal  variation  of  CTo  and  liquid  water  content  ? 

Author’s  reply  ; 

Yes.  as  liquid  water  content  during  the  course  of  the  day  varies  generally,  the  more 
liquid  water,  the  more  surface  reflexion  and  a  higher  degree  of  polarization. 

J.  Mead  (US)  : 

Was  the  degree  of  polarization  for  bascatter  from  snow  found  to  vary  with  frequency  ? 
Author's  reply  : 

Only  the  35  GHz  data  has  been  processed  at  present. 
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LARGE  OPEN  CAVITIES 
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The  Ohio  State  University  ElectroScience  Laboratory 
1320  Kinnear  Road,  Columbus,  Ohio  43212,  U.S.A. 


I.  INTRODUCTION 

The  object  of  this  paper  is  to  describe  an  analytical 
technique  for  predicting  the  electromagnetic(EM) 
scattering  by  complex  obstacles  within  electrically  large 
open  waveguide  cavities.  This  topic  is  of  relevance  to 
EM  scattering  and  EMC  type  applications.  Figure  1(a) 
illustrates  a  general  open-ended  cavity  configuration  of 
interest  in  the  present  work.  The  fully  three 
dimensional  open  waveguide  cavity  in  Figure  1(a)  is 
assumed  to  be  relatively  arbitrarily  shaped,  and  the 
open  front  end  of  the  cavity  is  illuminated  by  an 
arbitrarily  polarized  external  plane  wave  field.  The 
interior  obstacle  is  assumed  to  be  located  within  the 
cavity  near  the  back  end,  and  it  generally  contributes 
significantly  to  the  fields  scattered  into  the  exterior  by 
the  entire  cavity  configuration.  The  scattering  from  the 
external  features  of  the  cavity,  excluding  the  scattering 
from  just  the  rim  at  the  open  front  end,  is  not  of 
interest  in  the  present  analysis.  Hence,  the  present 
scattering  analysis  is  restricted  to  within  approximately 
70°  from  boresight  with  respect  to  the  open  front  end; 
outside  of  this  rejpon,  the  scattering  by  the  external 
features  of  the  cavity  are  generally  more  significant  than 
from  the  interior  of  the  cavity.  It  is  also  assumed  in  the 
present  work  that  the  incident  wave  always  directly 
illuminates  the  open  front  end. 

The  present  scattering  analysis  is  composed  of  two 
main  parts.  The  first  part,  deals  with  the  analysis  of  the 
coupling  of  the  incident  plane  wave  field,  via  the  open 
front  end,  into  the  arbitrarily  shaped  waveguide  cavity 
using  the  high  frequency  ray  or  beam  shooting  methods 
as  discussed  in  [2|-[9|.  Also,  the  scattering  of  the 
incident  wave  back  into  the  exterior  region  by  the  rim  at 
the  open  end  is  included  in  this  part  of  the  analysis.  It 
is  assumed  that  the  rays  (or  beams)  launched  into  the 
cavity  interior  from  the  open  front  end  propagate  to  the 
plane  St  (shown  in  Fig.  1)  chosen  conveniently  near  the 
obstacle,  but  with  the  obstacle  removed  and  with  the 
back  end  of  the  waveguide  cavity  extended  to  infinity  as 
shown  in  Fig.  1(b).  Only  the  ray  shooting  procedure  for 
evaluating  the  interior  cavity  fields  at  St  is  discussed 
here.  A  corresponding  Gaussian  beam  shooting 
procedure  can  also  be  employed  as  mentioned  above; 
however,  it  is  not  discussed  here  for  the  sake  of  brevity, 
but  it  may  be  found  in  [2,8,9,10].  Actually,  two  different 
ray  shooting  procedures,  namely  the  shooting  and 
boundng  ray  (SBR)  inethod  [2,3,4]  at  well  at  the 
generalised  ray  expantion  (GRE)  approach  [9,10],  will 
be  detcribed.  After  being  launched  from  the  open  firont 
end,  the  rayt  evrdve  srithin  the  cavity  via  the  rules  of 
geometrical  optics;  thus,  the  rayt  undergo  nraltiple 
reflectiom  at  the  interior  walls  of  the  waveguide  cavity 
which  are  attnmed  to  be  impenetrable.  For  the  take  of 
being  specific,  the  interior  waveguide  cavity  walls  and 
the  rim  at  the  open  front  end  are  taken  to  be 


perfectly-conducting.  It  is  further  assumed  that  the 
interior  diffracted  fields  are  negligible  in  comparison  to 
the  internal  multiply  reflected  geometriceil  optics  ray 
fields,  so  that  the  geometrical  optics  ray  approach 
remains  accurate.  It  is  noted,  of  course,  that  modes 
cannot  be  defined  in  the  usual  sense  for  an  arbitrarily 
shaped  (non-separable)  waveguide  cavity  geometry; 
therefore,  this  is  one  of  the  main  reasons  for  the  choice 
of  asymptotic  high  frequency  ray  (or  beam)  procedures 
for  performing  the  present  coupling  analysis.  The 
numerical  solution  techniques  such  as  those  based  on 
the  integral  equation  or  the  finite  element  (or  difference) 
formulations  are  expected  to  be  extremely  cumbersome 
and  inefficient  as  compared  to  the  ray  (or  beam) 
techniques  for  computing  the  fields  coupled  into  an 
electrically  large  waveguide  cavity.  For  later  purposes, 
when  combining  the  results  of  the  first  and  second  steps 
so  as  to  find  the  external  EM  scattering  arising  from  the 
interior  obstacle,  it  is  also  necessary  to  break  the 
problem  configuration  at  St  into  two  separate  parts  as 
shown  in  Figs.  1(c)  and  (d).  The  field  coupled  into  the 
cavity  via  the  open  front  end,  as  discussed  above,  is 
then  allowed  to  radiate  from  the  cavity  which  is  now 
assumed  to  be  suddenly  terminated  at  St  as  in  Fig.  1(c) 
and  made  to  exist  without  the  portion  of  the  cavity 
containing  the  obstacle.  The  field  radiated  from  the 
resulting  open  end  at  St  is  found  by  using  the 
unperturbed  field  arriving  there  (i.e.,  by  using  the  field 
at  St  as  if  the  cavity  was  not  abruptly  truncated  at  St 
as  in  Fig.  1(b))  to  constitute  the  equivalent  sources  of 
the  radiated  field  in  Fig.  1(c).  This  then  essentially 
constitutes  the  first  part  of  the  analysis. 

The  second  part  of  the  analysis  deals  with 
separately  obtaining  the  plane  wave  scattering 
characteristics  of  the  interior  obstacle.  The  part  of  the 
waveguide  cavity  structure  beyond  St  which  contains 
the  obstacle  is  now  assumed  to  be  separated  fiom  the 
rest  of  the  structure,  as  in  Fig.  1(d);  next,  this 
configuration  of  Fig.  1(d)  is  illuminated  in  its  forward 
region  by  a  discrete  but  sufficiently  large  number  of 
incident  plane  waves  from  different  directions.  The  field 
scattered  from  the  obstacle  section  of  the  cavity  beyond 
St  (in  Fig.  1(d))  in  sufficiently  large  number  of  discrete 
directions,  again  in  the  forward  half  space  of  this 
section,  then  provides  the  relevant  plane  wave  scattering 
matrix. 

The  final  step  involves  combining  the  results  of  the 
two  main  steps  described  above,  through  a  reciprocity 
integral,  to  provide  the  field  scattered  into  the  exterior 
by  the  interior  obstacle  within  the  original  entire 
waveguide  cavity  configuration  of  Fig.  1(a). 

Thus,  the  present  analysis  represents  a  hybrid 
combination  of  an  asymptotic  high  frequency  ray /beam 
method  for  tracking  the  fields  through  the  cavity  as  in 
the  first  part,  together  srith  any  suitable  method  for 
obtuning  a  plane  wave  characterisation  of  the  interior 


obstacle  as  in  the  second  part.  The  advantage  of  dealing 
with  the  analysis  in  two  parts  is  that  it  allows  one  to 
separately  estimate  the  effect  on  the  overall  scattering 
as  the  vaveguide  cavity  geometry  is  changed  for  a  given 
interior  obstacle,  and  as  the  interior  obstacle  is  changed 
for  a  given  waveguide  cavity  geometry,  without  having 
to  analyze  the  complete  problem  each  time  this  happens. 

The  two  parts  of  this  rmalysis  as  well  as  their  hybrid 
combination  is  summarized  briefly  next  in  Section  II. 
Finally,  some  numerical  results  indicating  the  utility  of 
the  present  hybrid  analysis  are  presented  in  Section  III. 

II.  BRIEF  SUMMARY  OF  THE  ANALYTICAL 
STEPS 

In  Section  I,  a  general  introduction  to  the  approach 
for  analyzing  the  electromagnetic  scattering  from 
electrically  large,  open  ended  cavities  containing  an 
interior  obstacle  (Fig  1(a))  was  presented.  The  various 
steps  involved  in  this  approach  are  briefly  summarized 
below. 

The  major  contribution  to  the  total  field  scattered 
into  the  exterior,  within  the  range  of  angles  of  incidence 
and  scattering  of  interest  here,  is  due  to  the  field 
scattered  directly  by  the  rim  at  the  open  front  end,  the 
field  scattered  by  the  interior  obstacle,  and  the  part  of 
the  field  scattered  from  the  interior  cavity  region  which 
turns  around  without  reaching  the  interior  obstacle. 

The  remaining  contribution  arising  from  the  rest  of  the 
external  features  of  the  cavity  are  ignored  for  reasons 
indicated  earlier  in  Section  I,  and  the  contribution 
resulting  from  all  the  multiple  wave  interactions  is  also 
ignored  in  this  analysis.  The  multiple  wave  interactions 
across  the  aperture  contribute  weakly  if  the  aperture  is 
sufficiently  large  electrically,  and  the  multiple  wave 
interactions  between  the  obstacle  and  the  open  end  are 
likewise  negligible  for  an  electricsdly  large  aperture  and 
obstacle;  it  is  assumed  that  such  conditions  are  true  in 
the  present  analysis.  It  is  also  assumed  that  the 
waveguide  cavity  is  perfectly-conducting,  and  that  the 
medium  surrounding  this  cavity  configuration  of 
Fig.  1(a)  is  free  space.  Finally,  the  illumination  of  the 
cavity  in  Fig.  1(a)  is  assumed  to  be  an  EM  plane  wave 
which  is  incident  from  an  arbitrary  direction. 

The  contjibution  to  the  external  scattered  field 
arising  from  just  the  rim  at  the  open  end  can  generally 
be  found  by  employing  the  geometrical  theory  of 
diffraction  [1|  used  in  conjunction  with  the  equivalent 
current  method  (11|. 

The  contribution  to  the  external  scattering  arising 
from  the  interior  obstacle  is  found  in  two  parts  as 
indicated  in  Section  I.  The  first  part  requires  one  to 
track  the  portion  of  the  incident  field  which  is  coupled 
into  the  cavity  via  the  open  front  end  using  a  high 
frequency  ray  or  beam  shooting  technique.  The  ray 
technique  is  chosen  in  this  analysis  as  mentioned  earlier. 
At  least  two  different  ray  shooting  approaches  are 
poesbie  for  tracking  the  fields  from  the  open  front  end 
to  the  plane  St  in  the  absence  of  the  obstacle  as  in  the 
configuration  of  Fig.  1(b).  The  two  different  ray 
shooting  approaches  are  referred  to  as  the  shooting  and 
bouncing  ray  (SBR)  method  (2,3,4),  and  the  ge.ieraiized 
ray  expansion  (GRE)  (9,10).  The  SBR  method  requires 
one  to  break  up  the  part  of  the  incident  wave  captured 
by  the  open  front  end  into  a  dense  grid  of  ray  tubes 


which  are  launched  within  the  cavity.  These  incident 
ray  tubes  reflect  from  the  cavity  walls  according  to  the 
rules  of  geometrical  optics  (GO)  as  they  propagate  into 
the  cavity;  this  is  illustrated  in  Fig.  2.  On  the  other 
hand,  the  GRE  requires  the  aperture  at  the  open  front 
end  to  be  discretized  (into  subapertures)  as  shown  in 
Fig.  3,  and  then  the  rays  are  launched  radially  from  the 
phase  centers  of  each  subaperture.  The  initial  launching 
amplitudes  of  the  GRE  rays  are  weighted  by  the 
subaperture  far  field  pattern  with  the  waveguide  cavity 
walls  absent.  Once  launched,  the  GRE  rays  propagate 
within  the  cavity  via  reflections  at  the  interior  cavity 
walls  as  in  the  SBR  case;  this  is  seen  in  Fig.  3.  It  is 
noted  that  the  ray  paths  in  the  GRE  method  are 
unchanged  for  a  given  waveguide  cavity  geometry;  only 
the  initial  ray  launching  amplitudes  depend  on  the 
direction  of  the  incident  plane  wave.  Furthermore,  the 
GRE  implicitly  includes  the  effects  of  rays  entering  the 
cavity  via  diffraction  of  the  incident  wave  by  the  edges 
at  the  open  front  end. 

Let  {E'“,TP’)  denote  the  electromagnetic  fields 
coupled  into  the  cavity  as  shown  in  Fig.  1(b).  For  the 
case  of  bistatic  scattering,  a  similar  set  of  fields 
{E",TP^)  need  to  be  tracked  within  the  cavity  of 
Fig.  1(b);  these  fields  are  launched  into  the  cavity  by  a 
plane  wave  incident  in  a  direction  reciprocal  to  the 
bistatic  scattering  direction  of  interes*.  If  GRE  is 
employed,  no  new  rays  need  to  be  tracked  to  find 
(W,’,  Ti'’)  for  reasons  given  above  and  hence  only  the 
initial  ray  launching  amplitudes  are  different  for 
computing  than  they  are  for  computing 

Next,  the  unperturbed  fields  of  Fig.  1(b) 

are  allowed  to  radiate  from  St  if  the  section  of  the 
cavity  beyond  St  containing  the  obstacle  is  removed  as 
in  Fig.  1(c);  this  radiation  field,  which  is  required 
essentially  in  the  forward  half  space  of  St  in  Fig.  1(c),  is 
found  via  a  Kirchhoff  approximation  which  is  accurate 
for  an  electrically  large  aperture  St-  This  essentially 
completes  edl  of  the  computations  necessary  for  the  first 
step. 

In  the  second  step,  it  is  necessary  to  find  the  fields 
(E'’,TT'’)  which  are  scattered  by  the  interior  obstacle 
to  the  plane  St  in  Fig.  1(a)  when  the  unperturbed  fields 
(T',Tr’)  are  incident  on  the  obstacle.  In  this  step, 

(E’’ ,H’’)  are  found  approximately  but  quite  accurately 
as  follows.  A  discrete,  but  sufficiently  dense,  set  of  unit 
amplitude  plane  wave  fields  are  made  to  illuminate  the 
forward  half  space  of  the  isolated  section  of  the  cavity 
beyond  St  which  contains  the  obstacle  as  in  Fig.  1(d). 
The  field  scattered  by  the  obstacle-cavity  section  of 
Fig.  1(d),  when  it  is  illuminated  by  each  of  the  unit 
amplitude  incident  plane  waves,  is  found  by  using 
analytical  methods,  or  by  numerical  methods  if  the 
obstacle  is  too  complex  to  be  treated  analytically.  In 
particular,  the  fields  in  the  aperture  St  of  Fig.  1(d)  are 
of  interest.  If  these  cannot  be  found  directly  via  the 
analytical  or  numerical  methods  mentioned  above,  they 
can  still  be  found  indirectly  by  these  methods  which  do 
provide  the  fields  scattered  in  all  bistatic  directions  for 
each  unit  amplitude  incident  plwe  wave.  Indeed,  if 
these  fields  scattered  in  bistatic  directions  are  sampled 
at  a  discrete  but  sufficiently  dense  number  of  aspects, 
then  a  spectral  inversion  (from  aspect  angle  to  the 
spatial  domain)  of  these  values  via  a  fast  FViurier 
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transform  (FFT)  provides  the  tieids  at  St  in  Fig.  1(d). 
This  information  is  then  stored  for  each  unit  amplitude 
incident  plsme  wave  thereby  essentially  completing  the 
computations  necessary  for  the  second  step. 

FinaUy,  the  results  of  the  first  and  second  steps 
discussed  above  are  combined  to  provide  a  hybrid 
solution  for  the  fields  scattered  into  the  exterior  by  the 
obstacle  within  the  original  cavity  configuration  of 
Fig.  1(a).  In  this  combination,  one  modifies  the  results 
of  the  second  step  by  weighting  the  unit  amplitude 
incident  plane  waves  therein  by  the  radiation  pattern  of 
the  fields  which  are  radiated  from  St  by  (W",  ~B^)  in 
Fig.  1(c),  corresponding  to  the  final  part  of  the  first 
step.  This  then  directly  furnishes  the  fields  in  the 
aperture  St  which  are  scattered  by  the  portion  of  the 
cavity  containing  the  obstacle  as  in  Fig.  1(d).  To  a  very 
good  approximation,  these  fields  at  St  in  Fig.  1(d)  are 
the  same  as  (£**,  H**)  at  St  in  the  original 
configuration  of  Fig.  1(8).  The  electric  field  £1*  which  is 
scattered  into  the  exterior  by  the  interior  obstacle  in 
Fig.  1(a)  is  then  given  approximately,  but  accurately  by 
the  generalized  reciprocity  integral  [2,9,10j;  namely, 

u  •  E;  «  J  (£'“  X  T“  -  E;'  X  E")  •  <fs  .  (1) 

It  is  noted  that  are  the  fields  coupled  into  the 

cavity  with  the  interior  obstacle  absent  (see  Fig.  1(b)) 
when  a  (— ti)-poIarized  plane  wave  is  incident  at  the 
open  front  end. 

Finally,  the  contribution  to  the  external  scattering 
due  to  waves  coupled  into  the  cavity  which  then  turn 
around  without  reaching  the  obstacle  is  found  by 
tracking  the  associated  ray  tubes  by  SBR  or  GRE  back 
to  the  open  front  end  where  they  are  made  to  define 
equivalent  sources.  Incorporating  these  equivalent 
sources  into  the  radiation  integral  thus  provides  the 
necessary  fields. 

III.  NUMERICAL  RESULTS 

Figure  4  illustrates  the  echo  area  patterns 
(backscatter,  in  decibels  relative  to  a  square 
wavelength)  of  m  open  ended  semi-infinite  waveguide 
cavity  with  a  rectangular  open  end  transitioning  to  an 
elliptical  cross  section.  A  planar  short  circuit  is  placed 
as  an  obstacle  inside  the  cavity  where  its  cross-section 
becomes  elliptic.  The  echo  area  is  calculated  using  both 
the  SBR  and  the  GRE  approaches,  respectively.  These 
two  ray  approaches  compare  reasonably  well  with  each 
other.  Figure  5  illustrates  the  backscatter  patterns  of  a 
perfectly  conducting  circular  waveguide  containing  a 
conical  obstacle  placed  on  a  planar  interior  termination. 
The  solid  line  in  these  plots  is  a  measured  result  for  the 
complete  geometry  of  length  L  +  Li.  The  dashed  line  is 
calculated  using  the  two  step  hybrid  procedure 
discussed  above,  however  it  assumes  that  the  external 
portion  of  the  cavity  is  not  rounded  as  for  the  measured 
case  but  is  semi-infinite  in  the  present  two  step 
procedure.  Both  of  these  approaches  show  close 
agreement.  Since  the  circular  waveguide  modes  are 
known,  a  modal  representation  is  employed  for 
describing  the  interior  waveguide  cavity  fields  instead  of 
the  SBR  or  GRE  representatiems.  The  short  obstacle 
section  of  length  L  was  analyzed  via  the  numerical 
nrmment  method  (corresponding  to  the  second  step) 


while  the  front  section  of  length  L,  corresponding  to  the 
first  step  was  analyzed  by  the  modal  procedure  in 
conjunction  with  the  Kirchhoff  approximation  for  the 
fields  in  the  aperture  at  the  open  front  end  to  find  the 
fields  coupled  into  the  circular  waveguide. 
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INCIDENT  SLANE 


Figure  2:  GO  ray  tubes  launched  into  an  open-ended 
cavity  demonstrating  a  ray  caustic  and  a  shadow  region. 


Figure  3:  Ray  tubes  launched  in  the  GRE  method. 


Figure  1:  The  scattering  by  an  open-ended  waveguide 
cavity. 
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Figure  4;  Backecatter  patterns  in  the  x  —  z  plane  of  an  open  ended  rectangular  waveguide 
whose  cross-section  changes  continuously  into  an  ellipse.  An  interior  planar  short  circuit 
is  placed  where  the  cross-section  just  becomes  an  ellipse.  Note;  in  the  above  figures,  VER 
-  VERTICAL  POLARIZATION  CASE  and  HOR  HORIZONTAL  POLARIZATION 
CASE. 
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Figure  5:  Backacattered  hoiiiontally  polarised  E  fields  for  a  conical  hub  termination  inside 
an  open  ended  circular  waveguide. 
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DISCUSSION 

]  G.  NEININGER,  (GE) 

Have  you  made  Investigations  concerning  an  array  of  waveguides:  for  example,  a 
slotted  waveguide  array  antenna? 

AUTHOR’S  REPLY 

No.  l.e.,  not  by  ray  methods.  Presently  we  only  have  a  pure  moment  method  solution 
of  an  Integral  formulation  for  the  problem  involving  a  finite  array  of  waveguide-fed 
slots. 
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SUMMARY 


THEORETICAL  BACKGROUND 


In  the  microwave  case  the  scattering  matrix  of 
complicated  targets  is  often  evaluated  on  the 
basis  of  physical  optics  (PO) .  In  cases  where  edge 
diffraction  effects  become  relevant,  the  physical 
theory  of  diffraction  (PTD)  is  used  to  correct  the 
PO-field.  Both  methods  are  applied  in  the  follo¬ 
wing  paper  to  determine  the  radar  cross-section 
(RCS)  of  a  series  of  perfectly  conducting  structu¬ 
res;  a  thin  flat  plate,  a  thin  cylinder,  a  cone- 
cylinder-half-sphere,  a  double  dihedral  and  a  pe- 
riscope-like  object.  Since  the  geometric  model  of 
each  object  consists  of  panels,  internal  and  ex¬ 
ternal  tests  were  made  to  estimate  the  deviations 
between  the  true  surface  and  the  model  surface 
which  can  be  tolerated  to  guarantee  sufficient  ac¬ 
curacy.  All  predicted  RCS  values  are  compared  ei¬ 
ther  with  measurements  or  with  independent  theore¬ 
tical  results  as  references.  Conclusions  for  the 
accuracy  of  PO  and  PTD  are  drawn  and  further  wor)c 
is  discussed. 

INTRODUCTION 


The  polarization  dependent  RCS  is  computed  from 

(1)  Oij  =  lim  (4*  r^  t^j  tjj)  , 

r-w  i  =  x,y;  j  =  x,y  , 


where  r  is  the  distance  between  the  radar  observer 
and  the  test  object,  tij  are  the  elements  of  the 
scattering  matrix 


(2) 


[T] 


Ixx  fxy 

.tyx  hyy. 


which  relates  the  cartesian  components  of  the 
scattered  field  2,  propagating  in  z-direction  to 
those  of  the  incident  field  2^  by 


Esx 

^ex 

(3) 

=  [T] 

.^sy. 

.^ey. 

The  physical-optics  method  (POM)  has  been  used  wi¬ 
dely  in  the  past  for  the  prediction  of  the  RCS  of 
perfectly  conducting  basis  structures  li)ce  sphe¬ 
res,  flat  plates,  cylinders,  circular  disl^s,  cu¬ 
bes,  cones,  dihedrals,  etc.  see  e.g.  (1,  2).  These 
basis  structures  can  often  k>e  found  as  sub  struc¬ 
tures  within  mote  complicated  objects  like  cats, 
ships  and  airplanes.  So  conclusions  over  the  range 
of  application  can  be  drawn  in  analyzing  these  ba¬ 
sis  structures.  Specially  the  flat  plate  plays  a 
dominant  role  since  basis  and  complicated  structu¬ 
res  can  be  modeled  by  a  unifying  concept  with  flat 
plates.  Thereby  panels  of  triangular  and  quadran¬ 
gular  shape  are  preferred.  Depending  from  the  spe¬ 
cial  shape  a  panel  model  can  agree  perfectly  with 
the  original  structure  or  show  some  differences 
due  to  the  size  of  the  panels.  In  modeling  a 
smooth  surface  by  panels  artificial  edges  are  in¬ 
troduced.  In  general  panels  of  very  different  si¬ 
zes,  with  dimensions  ranging  from  a  fractional  of 
a  wavelength  to  many  wavelengths,  are  needed.  Sin¬ 
ce  the  computer  time  to  solve  for  the  PO-field  de¬ 
pends  directly  on  the  number  of  the  panels,  one 
tries  to  create  the  model  with  panels  of  a  maximum 
admissible  size. 


The  RCS  referred  to  1  square  meter  (sq.m)  and  ex¬ 
pressed  in  decibels  yields  the  quantity  which  in 
general  is  used  to  compare  theoretical  and  experi¬ 
mental  results  for  the  selected  transmitting/ re¬ 
ceiving  polarizations.  In  the  case  of  basis  struc¬ 
tures  the  RCS  is  sometimes  normalized  by  the  squa¬ 
re  of  the  wavelength  or  by  a  characteristic  area 
of  the  structure  under  test.  If  no  calibration 
measurements  are  available,  the  experimental  re¬ 
sults  are  referred  to  any  internal  value,  mostly 
the  measured  peak  value.  In  these  cases  theoreti¬ 
cal  and  experimental  curves  are  shifted  against 
each  other  till  the  peak  values  will  coincide. 

The  scattered  electric  field  of  a  perfectly  con¬ 
ducting  panel  with  zero  thickness  is  as  follows: 


(4) 


2,(7) 


^  jk 
4ii  r 


•  j  (SX  (sxUf  ( t' ) ) )  df'  , 

Fp 

where 


Since  the  experience  shows  that  in  special  cases 
POM  alone  does  not  lead  to  sufficient  accurate 
results  an  edge  diffraction  term  is  introduced 
which  is  based  on  the  method  of  equivalent  cur¬ 
rents  (ECM)  and  was  derived  by  Mitzner  [3]  and  in¬ 
dependently  by  Michael!  [4,  5] .  It  takes  into  ac¬ 
count  edge  diffraction  effects  of  first  order  for 
arbitrary  aspect  angles  and  is,  therefore,  more 
general  than  the  solution  of  Ofimtsev  (6)  who  has 
introduced  the  term  physical  theory  of  diffraction 
(PDT) .  Both  terms  are  used  in  the  report  synony¬ 
mously. 

It  is  the  intention  of  this  paper  to  show  the  in¬ 
fluence  of  modeling  accuracy  and  the  efficiency 
of  POM  and  ECM  by  means  of  a  series  of  test  ob¬ 
jects. 


r  =  vector  of  the  observation  point, 

r'  =  vector  of  the  integration  point, 

s  =  unit  vector  pointing  from  the  origin  0 

toward  the  observation  point,  propagation 
direction  of  the  scattered  wave, 

Fp  =  surface  of  the  panel, 

k  =  2*/X  =  wave  number, 

X  =  wavelength, 

7^(7')  =  electric  surface  current  density  at  the 
integration  point, 

2,(7)  =  scattered  electric  field  at  the  observa¬ 

tion  point, 

Z  =  wave  impedance  of  the  propagation  medium. 

The  geometric  parameters  are  explained  in  Fig.  1. 

According  to  the  principle  of  PO  the  current  den¬ 
sity  at  the  integration  point  is  computed  from  the 
incident  magnetic  field  H,  as  follows: 
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Fig.  1  Geometric  sketch  for  the  ir.terpretation 
of  the  radiation  integral;  s  =  e  in  the 
monostatic  radar  case. 


(5)  7e°(r')  =  on  the 

('illuminated'!  surfaces  of 
thidden  J  the  panels. 

n  represents  the  unit  normal  vector  of  the  panel 
and  is  a  constant  for  each  panel  face. 

Expressing  the  incident  magnetic  field  by  the  in¬ 
cident  electric  field  =  Pe  Eo  with  polarization 
vector  Pe  and  introducing  (5)  in  (4)  one  receives 
the  PO-scattered  field  of  a  panel  with  zero  thick¬ 
ness  as  follows: 

(6)  S,(r)  -  -  ^  P«  E<,(n-s)  • 

•  J  df'  . 

The  polarization  of  the  scattered  field  is  identi¬ 
cal  with  that  of  the  incident  field.  From  expres¬ 
sion  (6)  the  scattering  matrix  can  be  derived  as 


i2Z(t-iJe) 

(9)  M^(Ve,Pe)  =  - D‘(Ve.Pe)  ■ 

k  sin^Pe 

Denotations : 

Pe  =  angle  between  the  incident  ray  and  the  edge, 
Ve  =  angle  between  the  plane  of  incidence  a' _  a 
reference  face  of  the  wedge  (face  1  in 
Fig.  2), 

t  =  unit  tangent  vector  parallel  to  the  edge, 

t  ~  (tx,  ty,  tx)  ,  tj  ~  — COSpe . 


plane  of 
Incidence 


Fig.  2  Wedge  geometry;  p,  =  Pe,  v,  =  Ve  in 
the  monostatic  radar  case. 

The  coefficients  D|,  and  D|m  are  constructed 
from  the  difference  between  the  total  equivalent 
current,  responsible  for  the  total  field  and  the 
PO-equivalent  current,  generating  the  PO-field. 
They  depend  from  y*,  Pe  and  the  outer  wedge  angle 
n*  and  are  given  in  the  appendix  for  first  order 
diffraction  processes. 

From  expressions  (9)  and  (9),  given  by  Michaeli, 
the  edge  diffracted  fields  of  Ufimtsev  and  Mitzner 
can  be  derived,  see  [7] . 

The  fringe  diffracted  field  for  an  edge  of  length 
L,  see  Fig.  3,  is  expressed  by 


:tP”I 


ik  e'i''"  r  i2ks-r' 

-  ^  (n-s)  j  eJ  df' 


(10) 


(r) 


2k  r 


•  J(Z  I^(r')  (sx(sxt))+H‘(r')  (sxt))e  ^''^’'^'dl'. 
L 


One  observes  that  no  cross-polarization  effects, 
nor  any  differences  between  xx-  and  yy-polariza- 
tion  are  predicted  by  PO  in  cases  where  the  struc¬ 
ture  is  perfectly  conducting  and  no  double  or  mul¬ 
tiple  reflections  occur. 

The  phase  integral  in  (7)  can  be  solved  analyti¬ 
cally,  see  (21 .  Independent  from  the  size  of  the 
panel  it  takes  about  0.13  ms  on  a  computer  of  the 
type  IBM  3091  to  evaluate  the  scattering  matrix  of 
a  panel  for  each  aspect  angle,  including  the  solu¬ 
tion  of  geometric  problems. 

There  are  several  methods  to  treat  edge  diffracti¬ 
on  effects.  The  most  appropriate  is  the  EOl,  since 
the  PO-field  is  corrected  by  an  additive  fringe 
diffracted  field.  ECM  is  based  on  electric  and  ma¬ 
gnetic  fringe  currents  I*,  M*  flowing  along  an  ed¬ 
ge: 

j2(t-f.) 

(8)  l'(W.,P.)  =  - Dj(y.,P.)  - 

kZsin^P, 

j2(t-i!.) 


Introducing  (8)  and  (9)  into  (10)  one  receives 

(11)  2J(?)  =  -  Eo  J  e^^’^®'’^'dl' • 

L 

•  — -  ((Pe-(Sxt))  D'(Sxt)  - 

|US|^ 

-  ((P.-t)  Dj+(p,- (Sxt))  Dj„) (ix (sxt) ) )  . 

From  the  last  expression  the  scattering  matrix 
(T*)  of  an  edge  is  derived: 

(12)  IT*)  e^^ks--?'  . 

L 

D5t|+D*tJ-D£xtxty  (D*-D*)txty+D*„  ti 

(D£-D*)txty-D5„t5  D*ti+D£t5+D:x,txty 

One  observes  that  the  edge  scattering  matrix  in 
contrary  to  the  PO-scattering  matrix  predicts 


k  sin*(>, 


Pa) 
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Fig,  3  geometry  to  evaluate  the  radiation 
integral;  s  =  e  in  the  monostatic 
radar  case. 

differences  between  W-  and  HH-polarization  and 
also  cross  polarization  effects.  However,  the 
cross-polarization  terms  are  different  from  an¬ 
other  besides  the  specular  case  where  d|„  =  0. 

The  physical  reason  for  the  violation  of  recipro¬ 
city  is  that  the  fringe  current  model  employed 
ignores  the  effect  of  corner  diffraction. 

The  phase  integiai  again  can  be  evaluated  analyti¬ 
cal. y.  Tue  to  the  more  complex  expressions  as  in 
•he  ?C-case  it  takes  abo-.,  0.55  ms  to  compute  the 
scatter.rg  matrix  for  one  aspect  angle.  This  time 
15  a  mean  value  resulting  from  the  analysis  of  an 
:c;e:t  witt.  .several  hundred  edges  and  includes  the 
tire  f  the  search  of  the  edges. 

Tne  scattering  m.atrix  ;T.  .tf  a  complicated  .struc¬ 
ture  is  the  .=  um  ;!  a  matrix  which  again  is 

•■•’.•:.  -.urn  'f  the  scattering  matrices  based  ;r.  PO  :f 
•he  ;;  v.s.ii-r  lane.s,  ang  the  scattering  matri.x 
w'lich  .sums  up  the  .scattering  matrice.s  of  M 
visirie  eires: 


•  e :  ■' 

h  M 

-  ]  :tk';  ,  r.b)  ;t',  =  }  it')  . 

n  ^  1  m= 1 

S'^T.ARF  rlAT  PLATE 

The  5q..3re  plate  ...nder  test  had  at  edge  length  of 
5.C?  K  and  a  rh;ci(-ess  of  O.O'ig  i.  The  wavelength 
was  :",395  mm.  in  a  series  of  figures  the  results 
:f  expeiimef  (EX),  FOM,  POM  *■  ECM  and  integral 
equation  m.ethod  (lEMI  are  comipared.  Since  this 
plate  has  very  similar  dimensions  as  the  plate 
analyzed  by  Ross  19],  a  further  cross  check  with 
the  results  of  the  geometrical  theory  of  diffrac- 
ti:n  (GTD)  and  independent  measurement'  ..an  be  ma¬ 
de,  however,  only  for  the  principal  plane. 

’^ig.  4  presents  experimental  results  for  the  prin¬ 
cipal  plane  and  the  diagonal  plane,  each  for  W- 
and  HH-pc  larization.  Off-di.  .  lal  cuts  are  not 
available.  Since  the  aspect  angles  range  from  -90" 
•;  ‘3"-  from  broadside  one  can  estimate  the  measu¬ 
rement  accuracy  by  means  of  the  unsymmetries  which 
arize  at  lew  energy  levels.  Especially  from  the 
diagcnai  cut  one  can  conclude  that  levels  lower 
than  about  35  dB  under  the  peak  are  not  very  re- 
iiabie.  The  results  are  given  by  relative  values, 
the  peak  value  amounts  to  about  4.33  dB  over  I 
sq.m. 

Fig.  5  compares  in  the  first  row  the  results  of 
POM  for  the  main  'lane,  assuming  zero  thickness 
(left  side)  and  0.044  k  thickness  (right  side) 
for  the  test  plate.  PO-results  for  plates  are  pre¬ 
sented  in  the  literature  very  often  only  for  pa¬ 
nels  with  zero  thickness  and  compared  with  measu¬ 
rements  which  only  can  be  carried  out  for  panels 


with  non  zero  thickness.  It  is  very  often  stated 
that  PC  IS  not  allowed  to  be  applied  on  objects 
whose  dimensions  are  small  compared  to  the  wave¬ 
length.  However,  one  can  see  from  Fig.  6,  first 
row,  that  the  contribution  of  the  very  small  side 
faces  leads  to  an  improvement  of  the  result  for 
the  zero  thickness  panel  near  and  at  the  grazing 
angle.  In  the  second  row  the  results  for  a  diago¬ 
nal  cut  and  an  off-diagonal  cut  including  an  angle 
of  30°  with  an  edge,  are  presented.  The  peak  of 
the  third  sidelobe  (-37  dB  under  1  sq.m)  of  the 
diagonal  cut  agrees  well  with  that  of  the  measure¬ 
ment  .  The  computer  time  for  each  aspect  angle 
amounts  to  about  0.8  ms. 

Fig.  6  shows  the  polarization  dependent  results  of 
POM  corrected  by  ECM  for  the  plate  with  its  actual 
thickness  of  0.044  The  first  row  presents  the 
results  for  the  principal  plane.  For  W-polariza- 
tion  one  can  state  a  perfect  agreement  with  the 
experimental  results.  For  HH-polarizaticn  also  an 
improvement  can  be  observed,  the  characteristic 
null  at  grazing  incidence,  however,  is  not  repro¬ 
duced.  Since  ECM  is  used  for  the  contribution  of 
all  edges,  one  could  object  in  a  similar  way  as  in 
the  case  of  the  application  of  ?0  on  small  faces, 
that  ECM  is  not  allowed  to  treat  edges  with  a  di¬ 
stance  of  only  a  fractional  of  a  wavelength.  Assu¬ 
ming  a  plate  with  zero  thickness  where  only  four 
edges  with  wedge  angles  of  360°  are  present  one 
obtains  identical  results  for  the  two  polariza¬ 
tions  which  is  not  in  agreement  with  physical  rea¬ 
sons.  The  consideration  of  the  natural  wedge  angle 
of  270°  effects  practically  no  changes  in  the  W- 
polarization  but  influences  the  HH-polarization 
in  the  right  manner.  The  second  row  in  Fig.  6 
shows  the  RCS  for  the  diagonal  plane.  Cne  observes 
that  EMC  changes  the  results  of  POM  in  a  negligib¬ 
le  manner.  Small  differences  between  W-  and 
HH-polarization  occur,  but  for  HH-polarization  the 
peak  before  grazing  incidence  again  is  not  repro- 
dteed.  In  summary  for  the  diagonal  plane  one  can 
state  a  good  agreement  for  near  broadside  aspect 
angle  (from  the  peak  value  down  to  the  third  si- 
de-lobe  whose  level  is  about  -35  dB  under  the 
peak) .  Row  three  presents  results  for  the  off-dia 
gonai  plane.  In  this  case  cross-polarization  ef¬ 
fects  are  indicated  by  ECM,  represented  in  row 
four.  No  measurements  are  available  for  this  pla¬ 
ne. 

Therefore,  the  lEM  (electric  field  integral  equa¬ 
tion,  wire  grid  model  with  about  3436  wires  and  a 
mesh  width  of  about  0.125  k)  was  used  to  fill  this 
gap.  The  results  are  shown  in  Fig.  7  and  seem  to 
agree  ( vr  the  principal  plane  and  the  diagonal 
plane  somewhat  better  with  the  measurements  than 
the  PO-  and  EC-  results.  This  improvement,  howe¬ 
ver,  must  be  paid  with  a  higher  computer  effort. 
POM  and  ECM  together  need  about  5.4  ms  per  aspect 
angle.  Under  the  assumption  that  the  matrix  inver¬ 
sion  is  considered  separately  one  has  to  assume 
1760  ms  on  a  Cray-computer  for  one  aspect  angle 
which  is  2000  tiroes  the  value  using  POM  alor.e  and 
176  times  the  value  using  POM  and  ECM  together. 

The  matrix  fill  in  and  inversion  work  must  be  done 
only  once.  It  is  independent  from  aspect  angle  and 
polarization  for  a  fixed  frequency.  It  amounts  to 
about  2800  s.  Under  these  circumstances  one  can 
state  that  the  use  of  POM  and  ECM  is  a  good  com¬ 
promise  between  accuracy  and  economy. 

THIN  CYLINDER 

The  cylinder  under  test  had  a  length  of  5.0  k  and 
a  radius  of  0.5  k.  Since  the  wavelength  was  chosen 
to  be  1128  mm  the  circular  cross  section  has  an 
area  of  1  sq.m.  The  cylinder  is  closed  by  flat  end 
caps.  The  broadside  RCS  value  amounts  to  20  dB 
over  1  sq.m,  the  front  face  RCS  amounts  to  9.9  dB 
over  1  sq.m. 
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Fig.  4  Experimental  RCS  values  of  a  square  test  plate  with  edge  length  5.08  X  and  thickness  0.044  X 
X  •  17.995  n; 

first  row:  principal  plane  W-polarization; 
second  row;  principal  plane,  HH-poiarization; 
third  row:  diagonal  plane,  W-polarization; 
fourth  row:  diagonal  plane,  HH  polarization. 
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Fig.  5  RCS  results  of  POM  for  the  test  plate; 

first  row;  principal  plane,  lsft_side:  panel  with  zero  thickness,  right_side:  panel  with  0.044  X 
thickness ; 

second  row:  panel  thickness  •  0.044  X;  left_side:  diagonal  plane  (45  ),  right_side:  off-diagonal 
plane  (30°). 


In  the  case  of  the  flat  plate  the  PO-model  consi¬ 
sting  of  6  panels  agreed  perfectly  with  the  origi¬ 
nal  object.  By  modeling  general  objects  by  panels 
differences  between  the  original  surface  and  the 
model  surface  arize,  whose  magnitude  depends  from 
the  number  of  panels  used.  In  order  to  find  out 
the  minimum  number  of  panels  an  internal  experi¬ 
ment  is  arranged;  the  cylinder  is  modeled  by  pa¬ 
nels  of  varying  number  and  turned  around  its  own 
axis.  Observing  the  variation  of  the  RCS  one  can 
estimate  the  maximum  admissible  deviation.  The 
results  of  this  study  are  presented  in  Fig.  8. 

The  cylinder  barrel  and  the  two  front  faces  are 
modeled  by  rectangular  and  triangular  panels  resp. 
At  first  1  panels  were  used  for  the  barrel  and 
each  front  face.  This  results  in  a  width  of  the 
barrel  panels  of  b  =  0.43  X  and  a  difference  of  8 
=  0.05  X  {X/20)  between  the  model  and  the  original 
object.  The  fluctuation  of  the  broadside  RCS 
amounts  to  about  4  dB  (see  tirst  row,  lett  side) 
which  is  much  more  than  can  be  tolerated.  In  the 
next  step  the  model  is  refined  consisting  now  of 
14  panels  which  yield  b  =  0.22  X  and  8  =  0.013  X 
I-  X/80)  .  The  fluctuations  (see  first  row,  right 
side)  now  amount  to  about  0.5  dB,  which  in  general 
is  acceptable. 

The  original  cylinder  has  only  two  natural  edges 
between  the  barrel  and  each  of  the  front  faces. 

The  outer  wedge  angle  has  a  value  of  270*  (n  = 
1.5).  Artificial  edges  between  the  panels  of  the 
barrel  are  introduced  by  the  modeling  technique. 
The  outer  wedge  angle  for  the  7-panel  model  is 
231“  (n  =  1.29)  and  for  the  14-panel  model  206“  (n 
=  1.14).  Ta)cing  into  account  the  natural  ini  the 
artificial  edges  by  £04  one  obtains  the  RCS-re- 
sults  of  the  second  row  for  the  14-panel  model . 
While  for  HH-polarization  a  further  improvement 
against  the  PO-result  is  obtained,  one  observes  a 
slight  degradation  for  W-polarization.  Therefore, 


in  order  to  serve  computer  time  it  seems  to  be 
useful  to  decide  whether  natural  or  artificial  ed¬ 
ges  occur  within  the  panel  model.  The  third  row 
presents  the  results  of  POM  and  ECM,  the  latter 
applied  only  on  natural  edges. 

RCS-results  in  dependence  from  the  aspect  angle 
are  presented  in  Fig.  9.  The  PO-results  and  the 
polarization  dependent  PO  +  EC-results  are  presen¬ 
ted  in  the  first  and  in  the  third  row  resp.  Measu¬ 
rements  [9]  are  shown  in  the  second  row  by  the 
dashed  lines.  The  solid  lines  in  the  second  row 
present  the  results  of  PTD  (see  also  [9])  which  in 
this  special  case  should  yield  the  same  results  as 
ECM.  One  observes  a  good  agreement  between  ail 
diagrams  for  angles  between  0“  and  about  45“  as 
well  as  around  and  at  90“ .  Only  for  HH-polarizati¬ 
on  some  remar)cable  differences  between  POM  and  the 
experimental  results  become  evident,  while  POM  + 
ECM  generate  results  which  are  in  good  agreement 
with  the  experiment.  One  can  conclude  (under  the 
assumption  that  the  cylinder  is  modeled  with  suf¬ 
ficient  accuracy)  that  POM  can  be  applied  for  the 
analysis  also  of  thin  cylinders  with  radii  of  ab¬ 
out  a  wavelength  within  a  wide  range  of  aspect 
angles  around  broadside  while  correction  by  ECM 
loecomes  efficient  within  a  small  range  around  the 
cylinder  axis.  In  the  literature  one  can  find  so- 
called  PO-results  which  are  based  on  the  integra¬ 
tion  over  the  currents  of  an  Infinite  long  cylin¬ 
der,  thus  neglecting  the  contribution  of  the  front 
faces.  These  results,  therefore,  differ  signifi¬ 
cantly  from  the  results  presented  here. 

CONE-CYLINDER  -  HALF-SPHERE 

In  order  to  have  a  further  estimation  of  errors 
which  are  introduced  by  the  differences  between  an 
actual  surface  and  a  panel  model,  in  this  section 
an  external  test  by  measurements  is  arranged  as 
follows.  The  results  presented  here  are  restricted 


10  LOG  (SlGUA/fSQ  M)/U%  - -  IQ  LOG  (SlCUA/f SQ.U)/09  — 10  LOG  (SIGMA/1  SQ.M)/09  — lO  LOG  (SIGMA/lSQ.M)/ii% 
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Fig.  6  RCS  results  of  POM  and  ECM  for  the  test  plate; 

first  rpw!  principal  plane,  i®ft_8ide:  W-polarization,  £ight_side:  HU-polarization; 
second  row:  diagonal  plane,  left  side;  W-polarization,  right  side:  UH-polarization; 
third  row:  off-diagonal  plane7~Ieft~side:  W-polarization,  right_side:  HH-polarization 

fourth  row:  off-diagonal  plane,  Iift_8ide;  VH-polarization,  right_side:  HV-polarization 


10  LOC  (CICIiA/IS0  ll)/00  - »  10  LOG  tSICIU/l S9M)/t)»  - -  ,0  {SICUA/1S0  HI/OO  - -  '»  ‘■09  (StCIU/'St  lli/Oe 
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Fig.  8  Modeling  accuracies  influencing  the  broadside  peak  of  the  test  cylinder  rotating  around  its  ovm  axis. 
Length  »  5  X,  radius  -  X/2,  X  -  1128  mm,  peak  value:  20  dB; 

first  row:  left  side:  cylinder  barrel  and  front  faces  each  modeled  by  7  panels,  POM 

rlgiit  slde:  cylinder  barrel  and  front  faces  each  modeled  by  14  panels,  POM 
second  row:  cylinder  casing  and  front  faces,  each  modeled  by  14  panels,  POM  +  ECM  for  artificial 
and  natural  edges;  ie£t_si8e:  VV-polarization,  ris5}E_5i^£-  HH-polarization; 
third  row:  cylinder  barrel  and  front  faces,  each  modeled  by  14  panels,  POM,  ECM  only  for  natural 

edges;  left  side:  W-polarization,  £isht_side:  HH-polarization. 


to  HH-polarization. 

The  test  object  consists  of  a  cone,  a  cylinder  and 
a  half-sphere.  It  is  manufactured  twice;  one  con¬ 
figuration  with  smooth  surfaces  and  the  other  with 
facets  corresponding  to  the  panels  of  the  geome¬ 
tric  model.  Tae  latter  is  shown  in  Fig.  10.  The 
dimensit.is  were  as  follows: 


Fig.  10  Cone-cylinder  -  half-sphere  with  facets  as 
surface. 

overall  length:  950  mm 

diameter  of  cylinder  and  sphere:  170.6  mm 
interior  cone  angle:  30° 

length  of  the  cylinder:  546.4  mm 

24  rectangular  panels  were  used  for  the  cylinder 
and  24  triangular  panels  for  the  cone.  This  leads 
in  case  of  the  cylinder  to  a  panel  width  of  44.3 
mm  and  to  a  maximum  difference  of  0.73  mm.  Since 
the  frequency  was  15.5  GHz  (X  =  19.4  mm)  this  cor¬ 
responds  to  a  difference  of  about  X/26. 


One  realizes  that  all  results  agree  nearly  per¬ 
fectly  with  the  only  exception  near  and  around 
180°  where  the  sphere  is  seen.  The  measurements 
indicate  differences  between  the  results  for  the 
smooth  object  and  the  object  with  facets  which  are 
due  to  oscillations  of  the  RCS  around  the  well- 
Icnown  value  of  a  sphere.  The  PO-results,  however, 
show  also  differences  against  the  experimental 
results  for  the  facet  model.  The  same  is  true  for 
the  results  obtained  by  POM  +  ECM.  The  oscillati¬ 
ons  predicted  by  the  theories  occur  with  compara¬ 
ble  magnitude  but  with  opposite  sign  as  in  the 
measurements.  This  effect  is  not  yet  clarified  but 
a  detailed  comparison  between  the  manufactured  fa¬ 
cet  model  and  the  mathematical  model  revealed  dif¬ 
ferences  for  the  sphere. 

DOUBLE  DIHEDRAL 

A  double  dihedral  constructed  on  the  basis  of  a 
cube  with  additional  shadowing  surfaces,  see  Fig. 
12,  is  rotated  in  an  unconventional  way  so  that 
it's  edges  include  an  angle  of  45°  with  the  axis 
of  rotation,  see  Fig.  13.  The  reason  is  to  genera¬ 
te  a  strong  depolarizing  baclc-scatter.  Previous 


Fig.  11  shows  in  the  first  row  the  experimental 
results  for  the  smooth  object  on  the  left  and  for 
the  objects  with  facets  on  the  right.  The  PO-re¬ 
sults  are  given  in  the  second  row  on  the  left 
while  the  results  of  POM  +  ECM  are  presented  on 
the  right.  The  peak  at  90°  is  due  to  broadside  in¬ 
cidence  for  the  cylinder  while  the  peak  at  75° 
arizes  at  broadside  incidence  for  the  cone.  For  0° 
the  radar  observer  sees  the  tip  of  the  cone,  for 
180°  the  sphere  alone  is  seen. 


Fig.  12  Cube  with  additional  shadowing  surfaces 
forming  a  double  dihedral,  dimensions  in 
ran. 

PO-results  are  published  for  the  main  cut  in  [1] 
and  for  the  diagonal  cut  within  a  restricted  range 
of  aspect  angles  in  [2].  Figs.  14  and  15  present 
the  results  of  experiment,  POM  and  POM  +  ECM  for 
the  full  range  of  aspect  angles  and  a  frequency  of 
15.5  GHz  (k  •  19.4  mm) .  The  measurements  had  to  be 
arranged  with  great  care  since  a  wide  dynamic  ran¬ 
ge  was  needed.  In  addition  the  exact  positioning 
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Fig.  II  EX-  and  PO/EC-resulCs  for  the  cone-cylinder-half-sphere;  UH-polarization; 

first  row:  left  side:  EX-result  for  the  smooth  object;  right.side:  EX-result  for  the  object  with 
facets; 

second  row:  left_side:  PO-result;  right  side:  PO+EC-result. 


Fig.  13  Geometry  and  axis  of  rotation  which  cause 
strong  depolarized  bacXscatter. 

of  the  double  dihedral  according  Fig.  13  caused 
najor  problems. 

The  PO-results  agree  quite  well  with  the  EX-res- 
ults  for  the  two  copolar  diagrams.  In  the  cross 
polar  case  the  structure  of  the  pattern  around  0° 
is  well  represented  but  the  decrease  is  too  rapid 
with  increasing  aspect  angles.  In  addition  the 
spikes  at  -234®,  -180®,  -54®  and  +54*  are  not  pre¬ 
dicted  by  PO.  This,  however,  is  the  case  when  the 
EC-field  is  added  to  the  PO-field.  The  spikes, 
therefore,  are  due  to  edge  diffraction  only.  It 
must  be  emphasized  that  the  double  dihedral  has 
edges  with  exterior  wedge  angles  270®  and  90*.  On¬ 
ly  the  first  type  of  edges  is  considered  by  ECM. 

PERISCOPE 

In  order  to  study  the  capability  of  POM  and  ECM  by 
means  of  a  more  complex  object  a  1:1  scale  model 
of  a  periscope-like  structure,  whose  surface  was 


coated  with  conductive  silver,  was  manufactured. 
The  dimensions  of  the  structure  were  as  follows: 


overall  height:  1255  mm 

distance  between  the  collar  and  the 
top  of  the  radome:  590  mm 

diameter  of  the  collar:  800  mm 

thickness  of  the  collar:  65  mm 


The  lower  part  of  the  periscope  was  constructed  as 
an  ogival  cylinder  with  a  radius  of  412  mm  and  a 
height  of  600  .>«.  Two  pairs  of  swell  deflecting 
plates  with  dimensions  of  about  530  nm  x  150  mm 
are  fixed  at  opposite  positions  under  the  collar. 
The  surface  of  the  optical  and  infrared  windows 
above  the  collar  was  also  roetalliced.  Fig.  16 
shows  on  the  left  a  picture  of  the  1:1  scale  model 
and  on  the  right  the  panel  model  consisting  of 
1059  panels. 

In  a  first  step  the  RCS  of  the  periscope  was  mea¬ 
sured  and  computed  under  free  space  conditions. 

The  EX-  and  PO-results  are  presented  in  Fig.  17 
for  the  main  cut  with  the  turn  axis  coinciding 
with  the  axis  of  the  collar.  The  frequency  was 
9.375  GHz  (1  =  32  mm) .  The  radar  field  was  HH-po- 
larized.  Between  HH-  and  W-polarization  only  ne¬ 
gligible  differences  exist.  The  first  main  peak 
arizes  at  an  aspect  angle  of  90®  which  describes  a 
view  normal  to  the  plates  opposite  to  the  window 
side.  The  second  main  peak  occurs  at  270®.  The  le¬ 
vel  of  both  peaks  is  determined  nearly  alone  by 
the  scattered  fields  of  the  plates  and  of  the  ogi¬ 
val  cylinder. 

The  PO-result  fits  very  well  to  the  EX-result.  The 
use  of  ECM  Influences  the  PO-result  only  in  a  ne¬ 
gligible  manner  for  this  special  cut.  The  ccmputer 
tlaie  for  each  aspect  angle  is  0.14  s  on  an  IBM 
3091. 


backscdtiered  power  (08) 


10  too  (SKMA/IS(l.M)/Oa 
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CONCLUSION 

POM  and  ECM  have  been  used  to  determine  the  RCS  of 
a  thin  plate,  a  thin  circular  cylinder,  a  cone-cy¬ 
linder-half-sphere,  a  double  dihedral  and  a  peri¬ 
scope-like  structure.  All  objects  were  perfectly 
conducting  and  modeled  by  panels.  All  theoretical 
results  were  compared  with  experimental  results  or 
the  results  of  other  independent  theories. 

POM  and  ECM  based  on  a  panel  model  have  been  pro¬ 
ved  to  be  a  useful  tool  for  the  RCS  analysis  not 
only  of  basis  structures  but  also  of  more  complex 
objects.  It  could  be  shown  by  means  of  the  flat 
plate  that  PO  predicts  good  results  even  in  cases 
where  the  dimensions  are  only  a  fraction  of  a  wa¬ 
velength.  The  same  is  true  for  the  application  of 
ECM  in  the  case  where  the  distance  between  edges 
is  very  small  conpared  to  the  wavelength.  The  ob¬ 
tained  accuracy  by  POM  alone  and  in  special  cases 
by  the  combination  with  ECM  is  a  good  compromise 
to  the  computer  effort  which  is  very  low  compared 
to  other  more  rigorous  methods. 

In  case  of  perfectly  conducting  bodies  the  next 
step  of  validation  of  the  PO-  and  EC -theory  should 
extend  to  the  treatment  of  higher  order  edge  dif¬ 
fraction  effects,  interior  edge  effects,  structu¬ 
res  jver  a  large  plane  surface,  quasi  near-field 
and  bl static  problems. 
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APPENDIX 

The  coefficients  of  the  backscattering  matrix  (12) 
are  given  by 


(AD  D,  =  -  DJ°  +  Dj^  -  05°  ,  V  =  e,m,em  , 
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(AlO)  U(x)  =  {  J  }  for  {  ^  ^  g  : 

The  coefficients  D.  ,  DE®  result  from  Dj^^,  DJ®  by 
the  following  transi^ormai^ions: 

V.  -»  nx-v,,  p,  -*  x-p,. 
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DISCUSSION 


G.  Neininger,  GE 

1 .  To  what  lower  frequency  end  could  the  method  be  used? 

2.  What  is  the  frequency  sensitivity  of  the  periscope  characteristic? 

Author's  Reply 

1.  TTie  efficiency  of  the  method  is  only  limited  by  the  object's  dimension  related  to  the 
wavelength.  The  analysis  of  the  thin  cylinder  shows  that  even  in  the  case  where  the  diameter  of  the 
cylinder  amounts  to  one  wavelength,  good  results  are  obtained. 

2.  The  analysis  of  the  periscope  is  not  yet  finished;  measurements  require  a  high  effort. 
The  results  are  presented  for  the  first  time  in  this  session. 

U.  Lammers,  US 

Referring  to  your  periscope  model:  1.  How  much  computer  time  did  it  require,  and  2. 
Why  did  the  physical  optics  solution  suffice? 

Author's  Reply 

1.  The  computer  (IBM  3091)  time  is  about  0.14  sec  per  aspect  angle. 

2.  The  main  contribution  to  RCS  is  due  to  the  ogival  cylinder  and  the  swell  deflecting 
panels.  Both  structures  are  very  large  compared  to  the  wavelength,  so  edge  diffraction  effects  play 
a  minor  role. 


Aspects  of  ladar- Cross- Section  Calculation 
for  Targets  of  Conplcx  Stnicture 
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Abstract 

Minimizing  the  Radar  Cross  Section  (RCS) 
of  a  new  warship,  it  is  important  to  de¬ 
termine  the  expected  RCS  in  the  phase  of 
design  because  of  high  development  costs. 
Furthermore  it  is  desirable  to  identify 
design  dependent  scattering  centers  and 
analyse  their  mode  of  action.  This  is 
probably  done  most  effectively  by  a 
graphical  representation  of  the  scat¬ 
tering  mech2Lni8ns  on  a  3- dimensional 
drawing  of  the  target  itself.  The  paper 
summarizes  the  development  of  a  computer 
code  that  combines  graphical  representa¬ 
tion  methods  with  well  established  the¬ 
oretical  techniques  to  predict  the  RCS 
for  targets  of  complex  structure.  The 
tool  is  based  on  physical  optics,  physi¬ 
cal  theory  of  diffraction,  ray  tracing 
and  it  accounts  for  multiple  shadowing 
and  scattering  up  to  triple  bounce.  The 
method  of  component  technique  using  prim¬ 
itives  is  applicable  to  electrically 
large  bodies  and  the  calculation  is  lim¬ 
ited  to  the  monostatic  case  for  perfectly 
conducting  surfaces.  Object  coherence  is 
used  to  reduce  computation  time  during 
the  solution  of  the  hidden  surface 
problem. 

List  of  symbols 


Ej  incident  electric  field  vector 

Eg  scattered  electric  field  vector 

F_  surface 
s 
« 

F_  illuminated  surface 
s 

Hj  incident  magnetic  field  vector 
scattered  magnetic  field  vetor 

Hq  magnetic  field  strength 

Jp  induced  surface  current 

Jp*  induced  surface  in  the  illuminated 
s  area  wavenumber 

A  propagation  unit  vector 


Ic  poynting  vector 

Ijj  magnetic  polarisation  vector 

n  unit  normal  vector 

n  unit  normal  vector  at  the  point  of 

integration 

n  unit  normal  vector  at  the  integra- 
tionpoint  in  the  illuminated  area 

R  range 

r  position  vector  to  the  observation 

point 

> 

r  position  vector  to  the  integration 

point 

r  position  vector  to  the  integration 

point  in  the  illuminated  area 

a  radar  cross  section 

free  space  Green’s  function 

1.  Introduction 

Induced  by  the  development  of  more  and 
more  sensitive  radar  systems,  stealth  is 
seen  as  one  of  the  key  military  technolo¬ 
gies  of  the  nineties  and  has  attracted  a 
high  level  of  defence  funding.  Predicting 
the  radar  signature  of  military  vehicles 
has  become  an  important  top  in  every 
stealth  program,  because  of  the  ability 
to  prove  the  expected  RCS  in  an  early 
state  of  design.  Compared  with  scale 
measurements,  where  every  change  in  de- 
sini  forces  a  new  model,  theoretical  mo¬ 
delling  of  the  target  seems  to  be  a  more 
attractive  solution. 

In  addition  to  the  modelling,  this  way 
requires  the  calculation  of  the  expected 
RCS  by  a  well  established  technique  like 
fhysical  Optics  (PO) .  Therefore  the  the¬ 
oretical  foundations  have  been  developed 
in  the  past,  permitting  the  calculation 
of  RCS-  signatures ,  based  on  a  range  of 
asymptotic  formulations  of  electromag¬ 
netic  scattering,  for  well- shaped  targets 

il-  2] .  In  most  cases  the  prediction  of  the 
CS  IS  limited  to  simple  geometries  not 
more  than  a  hundred  wavelengths  long,  neg¬ 
lecting  multiple  interaction  and  shad¬ 
owing  effects.  Vith  large  complex  tar- 


gets,  up  to  thousands  of  wavelengths, 
this  is  no  longer  true.  For  increasing 
cuaounts  of  individual  scatterers  and  in¬ 
teractions,  the  main  problem  is  to  sepa¬ 
rate  visible  and  effective  components 
from  those  which  do  not  contribute  to  the 
target’s  RCS  at  a  given  aspect.  To 
investigate  solutions  to  this  problem,  a 
computer  program  has  been  developed  at 
the  Germaui  Armed  Forces  University, 
Hamburg . 

The  program  is  divided  into  two  parts; 
the  first  one  creates  a  data- based  new 
structure  of  the  model,  (a  priori  data¬ 
base)  including  structure  properties  in¬ 
dependent  of  the  radar  line  of  sight, 
using  object  coherence.  The  second  part 
solves  the  hidden  surface  problem,  using 
the  a  priori  database  to  reduce  computing 
time  during  the  variation  of  the  aspect. 
Different  graphic  features  are  included 
to  explain  the  scattering  mechanisms  on  a 
perspective  drawing  of  the  target  itself. 

2.  Target  Modelling  and  Presentation 

The  program  is  based  on  the  method  of  com¬ 
ponents  technique  using  primitives.  This 
technique  is  applicable  to  electrically 
large  bodies,  that  is,  k-L  »  1.0,  where 
k  =  2t/l  is  the  wavenumber  and  L  the 
maximum  dimension  of  the  component.  The 
designer  can  break  the  complex  target 
into  a  set  of  components.  The  shape  of 
each  component  is  then  approximated  by 
one  or  more  of  the  following  primitives: 

-  triangular  and  quadrangular  flat 

plates , 

-  cylinders, 

-  cones  and  truncated  cones, 

-  elliptical  cylinders, 

-  elliptical  cones  and  truncated  cones. 

Consider,  for  example,  the  funnel  of  a 
ship.  This  component  is  usally  modelled 
using  two  cylinders,  describing  the  front 
and  aft  curvature,  and  a  few  flat  plates 
representing  the  port,  starboard  and  top 
faces  [Fig.  1].  If  the  component’s  length 
is  too  large,  or  its  shape  may  not  be 
approximated  sufficiently  correctly,  a 
description  in  terms  of  triangular  and 
quadrangular  flat  plates  only,  is  pre¬ 
ferred.  Therefore  the  flat  plate  is  the 
primitive  used  most. 


Fig.  1;  Funnel  of  a  ship,  modelled  in 
terms  of  plates  and  cylinders 
only. 


Each  primitive  is  defined  by  his  own 
characteristics.  A  flat  plate  is  defined 
by  three  or  four  points  and  their  oj ler  to 
form  the  outward  unit  normal  ft.  A  singly 
curved  surface  like  a  truncated  cone,  is 
defined  by  the  top  and  bottom  central 
points  and  the  related  radii  r^  and  rj^. 

There  are  some  restrictions  concerning 
flat  plates,  if  it  is  a  quadrangular  one, 
the  four  points  have  to  lie  in  a  plane 
creating  a  convex  polygon.  This  is  be¬ 
cause  there  is  some  comfort  in  solving  the 
hidden  surface  problem  for  convex  struc¬ 
tures.  Straight  wedges,  which  represent  a 
new  primitive,  may  be  extracted  automati¬ 
cally  by  the  program,  thus  there  is  no 
need  to  model  them  explicitly.  The  pro¬ 
gram  takes  as  its  primary  input  a  digital 
description  of  the  target  geometry  from 
six  databases.  The  first  one  contains  all 
defined  points,  represented  by  their  lo¬ 
cation  in  X-  ,y-  ,  and  z- direction  of  a  glo¬ 
bal  system.  The  remaining  five  refer  to 
these  points  and  offer  additional  infor¬ 
mation  like  radii,  separate  for  each  pri¬ 
mitive  . 

During  the  creation  of  the  a  priori 
database,  the  description  of  the  pri¬ 
mitives  is  not  changed.  As  we  will  see, 
singly  curved  primitives  are  replaced  by 
polygons,  representing  the  outer  enve¬ 
lope,  during  the  hidden- surface  and 
shadowing  algorithm.  The  errors  induced 
by  this  approximation  do  not  justify  the 
increased  cost  solving  the  hidden  surface 
problem  for  curved  lines. 

Solving  the  hidden  surface  problem  at  a 
given  aspect  forces  a  new  description  of 
the  primitives.  Partially  shadowed  primi¬ 
tives  have  to  be  substituted  by  their  vi¬ 
sible  rest,  to  get  the  remaining  area  for 
PO  integration.  Induced  by  successive 
checking  the  shadowing  effect  for  a  primi¬ 
tive,  it  might  occur  that  the  visible  rest 
of  this  primitive  is  partially  shadowed 
again  by  another  primitive.  This  repeat¬ 
ing  process  leads  to  a  successive  substi¬ 
tution  of  the  visible  rest.  No  matter  how 
often  the  primitive  is  shadowed,  only  the 
visible  rest  of  a  primitive  (rest-  poly¬ 
gon)  has  to  be  checked  for  shadowing.  In 
general  this  rest-  polygon  is  a  non-  convex 
polygon.  To  avoid  code  extensions  and 
using  the  advantage  of  convex  polygons, 
the  rest-  polygon  is  splitted  into  convex 
polygons,  called  sub- polygons .  Instead  of 
the  rest-  polygon  the  related  sub-  polygons 
have  to  be  checked  for  shadowing  in  the 
next  step.  To  handle  this  successive  pro¬ 
cess  it  is  useful  to  apply  terms  like 
’mother’  to  the  original  primitive  and 
’child’  to  the  sub- polygon.  Thus  every 
generation  with  no  descendant  has  to  be 
checked  in  the  next  step.  Once  the  hidden 
surface  problem  for  a  primitive  is 
solved,  their  might  be  a  tree  of  genera¬ 
tions  behind  the  mother,  describing  the 
visible  rest  in  terms  of  convex  polygons 
in  his  ’youngest’  child  generation. 

The  outer  envelope  of  a  singly  curved 
primitve  is  a  convex  polygon,  because  of 
the  convexity  of  the  original  descrip¬ 
tion.  The  only  difference  from  the  de¬ 
scription  of  a  flat  plate  is  the  higher 
number  of  points,  used  to  form  the  enve¬ 
lope.  As  described  in  section  3,  all  tests 
to  extract  the  rest  polygons  or  the  common 
areas  of  two  polygons  are  performed  in  a 
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plane ,  thus  everything  is  reduced  to  a 
2- diaensional  point  of  view.  The  only 
exception  is  a  test,  which  deteraines  the 
position  of  a  polygon  with  regud  to 
another  polygon  in  the  third  diaension. 

3.  Scattering  calcnlations 

As  they  are  well  established,  optics- 
based  ICS- prediction  aethods  were  chosen 
for  the  code.  Physical  optics  is  one  of 
the  aost  robust  calculation  techniques 
for  scattering  probleas  and  represents  a 
solution  to  Maxwell’s  equations  at  high- 
frequency,  where  the  accuracy  should  ia- 
prove  as  the  target  size  increases.  In 
specular  and  near-  specular  direction  the 
prediction  is  good,  but  disintegrates  as 
the  scattering  direction  aoves  away  froa 
this  region  [3]  ,  [4]  .  In  regions  outside 
specular  directions  the  neglection  of 
higher  order  effect,  such  as  diffraction 
and  the  creeping  wave  effect,  is  no  longer 
true  Fortunately,  targets  of  coaplex 
structure  are  doainated  by  specular  ef¬ 
fects,  this  can  be  proved  by  ICS- distribu¬ 
tion  techniques.  Thus  PO  is  sufficient 
for  coaplex  targets.  Analyzing  saall 
coapo-nents  or  single  scattering  centers, 
other  prediction  techniques  are  required 
to  overcoae  the  weakness  of  physical 
op  cs. 

One  aethod,  the  physical  theory  of 
diffraction  (PTD)  has  been  developed  by 
Ufiatsev  [5],  who  iaproved  the  physical 
optics  prediction  for  a  flat  plate  by 
adding  a  non  unifora  current,  located  to  a 
flat  plate’s  edges,  to  the  unifora  sur¬ 
face  coaponent  in  the  PO.  Mitzner  [6]  ex¬ 
tended  Ufiatsev ’a  theory  in  1974  by  the 
concept  of  his  increaental  len^h  dif¬ 
fraction  coefficient  (ILDC) ,  giving  the 
field  of  the  edge  alone  [7] .  The  other 
one,  the  aethod  of  equivalent  currents 
(MEC) ,  suggested  independently  by  a  nua- 
ber  of  authors  [4]  ,  [8-  91  ,  has  been  ex¬ 
tended  by  Michael!  to  aroitrary  aspects 
of  observation  [10] .  The  integrative 
technique  MEC  describes  the  source  of  the 
diffracted  field  in  teras  of  fictious 
equivalent  electric  and  aagnetic  currents 
along  the  edge.  The  fact  that  only  line 
integrals  are  involved  tend  to  aake  the 
MEC  aore  suitable  for  practical  calcula¬ 
tions  than  the  PTD.  To  analyze  scattering 
centers  in  detail  one  of  the  described 
aethods  is  currently  iapleaented, 
together  with  a  preprocessing  algoritha 
to  extract  the  wedges  autoaatically .  Thus 
the  presentation  is  Halted  to  coaplex 
structures. 

The  usual  definition  of  the  radar  cross 
section  is 


2  2 
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where  t  is  the  distance  between  the  radar 
and  the  target,  Ej  and  are  the  incident 

and  scattered  electric  fields,  and  Hj  and 
Hg  are  the  aagnetic  fields  respectively. 

The  scattered  aagnetic  field  for  a  per¬ 
fectly  conducting  surface  is  given 
by  [11] 
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where 

is  the  scala'  fre“- space  Green’s  func¬ 
tion,  and 
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is  the  induced  surface  current 
the  farfield  approxiaaiton  to 
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The  integration  is  to  be  carried  out  over 
the  illuainated  part  F*  of  S.  Replacing 

the  incident  aagnetic  field  with 

Hj(r,t)  -  ,  (5) 

suppressing  tiae  haraonic  teras  and  exaa- 
ining  the  aonostatic  case  with 

r  -  -  It  -  -  ilt|  -k  , 
yields  to 
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The  integral  in  (6)  is  calculated  follow¬ 
ing  Gordon’s  aethod  [12],  for  every  illu¬ 
ainated  polygon,  and  the  total  ICS  froa  M 
illuainated  polygons  is  thus 
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(7) 


tCS  calculation  of  singly  curved  priai- 
tives  is  based  on  the  aethod  of  stationary 
phase,  for  totally  illuainated  priaitives 
near  vertical  incidence  with  respect  to 
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the  main  axis.  Partitionally  illuminated 
primitives  or  non  vertical  incidences  are 
treated  in  a  more  complicated  way,  by  sub¬ 
stituting  the  original  primitives  with  a 
paneled  equivalent.  Each  panel  is  calcu¬ 
lated  like  a  fl-  t  plate.  The  substitution 
is  done  automatically  with  a  tolerance  of 
X/16  to  the  original  figure. 

If  the  hidden  surface  ^^oblem  is  solved 
the  illuminated  part  of  a  primitive  is  re¬ 
presented  by  a  polygon,  as  described  in 
section  2.  To  calculate  the  double-  and 
triple  bounce  contribution,  geometric 
optics  (GO)  ray  tracing  is  applied.  There¬ 
fore  the  area  of  both  polygons  involved  is 
projected  onto  a  plane  formed  normal  to 
the  reflected  propagation  (projection 
plane)  vector  [Fig.  2^.  The  common  area  is 
found  using  the  algorithm  in  [IJ]  .  This 
area  is  projected  back  onto  the  final 
plat. s’  plane.  For  triple  bounce  this 
process  is  repeated.  Once  the  effective 
illuminated  area  has  been  found  for  the 
final  plate,  the  integration  is  carried 

A  A 

out  by  substituting  Hj(r  ),  1^^,  k  in  (4) 
with 


^h,i-  = 


k^  =  n  -  2-(k-n.)-nj  ,  where  i 


indicates  the  i- th  reflection. 


4.  Structure  immanent  properties 

For  a  complex  structure,  consisting  of  N 
primitives,  the  hidden  surface  problem 
has  to  be  solved  N(N-l)  times,  after  fix¬ 
ing  the  aspect.  This  is  directly  related 
to  a  quadratic  rise  in  computation  time, 
with  an  increasing  number  of  primitives. 
Several  methods  to  reduce  computation 
time,  after  fixing  the  aspect,  have  been 
developed  in  the  past  (see  [14]  for  ex¬ 
ample)  . 

A  fundamentally  different  way  is  to 
analyze  the  structure  independent  of  the 
line  of  sight.  The  goal  is  to  extract 
structure  immanent  properties  and  define 
them  in  statements  like :  "primitive  a  is 
never  shadowed  by  primitive  b,  indepen¬ 
dent  of  the  aspect."  Those  constant 
properties  are  called  object  coherence. 
Consider  a  convex  polyhedron  consisting 
of  N  faces,  the  primitive  representation 
would  be  a  set  of  N  flat  plates,  as  de¬ 
scribed  in  section  2.  After  fixing  the  as¬ 
pect  the  primitives  are  sorted  according 
to  their  normals,  having  a  non  vanishing 
component  in  the  backscatter  direction. 
This  simple  test  solves  the  hidden  sur¬ 
face  problem  completely.  No  plate  with  a 
non  vanishing  component  of  the  normal  In 
the  backscatter  direction  is  shadowed  by 
another  plate ,  because  of  the  convex 
structure.  If  this  is  recognized,  further 
tests  would  not  be  required  and  the  effi¬ 
ciency  of  the  a  priori- test  is  maximal. 

Unfortunately  complex  structures  are 
not  convex,  but  they  include  convex  compo¬ 
nents.  For  components  consisting  of  a  set 


Fig.  2:  Area  projection  method,  finding  the  common  area  of  two 
triangular  plates. 
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of  primitives,  the  same  assertion  as  for 
the  polyhedron  is  valid.  The  reasonable 
view  could  be  replaced  by  the  statement: 

"a  primitive  could  never  be  shadowed  bv  an 
other  primitive,  if  this  is  located  with¬ 
in  the  shstdowsuace  of  the  first".  A 
shadowspace  is  the  infinite  half- space 
located  at  the  flat  plates’  inner  side; 
the  infinitely  long  inner  side  cylinder 
is  the  shadowspace  of  a  material 
cylinder,  which  is  in  fact  only  a  cut  of 
the  shadowspace,  [Fig.  3]. 


Inner 

half- space 


-K 

A 

n 


outer 

half- space 


(a) 


(b) 

Fig.  3:  Shadowspace,  inner  and  outer 

half-  space  for  a  flat  plate  (a) , 
and  a  cylinder  (b) . 


The  possible  combinations  of  primitives 
lead  to  a  number  of  tests,  related  to 
their  describing  geometric  properties. 
Consider  a  target  consisting  of  cylinders 
Md  plates  only,  like  the  funnel  of  a  ship 
above,  following  tests  have  to  be  done. 


describing 

geometric 

property 

shadow! 
half  space 

space 

Infinitly  cylinder 

point 

point-plane- 

test 

(PP) 

point-cylinder- 

test 

(PCY) 

circular 

arc 

circle-plane- 

test 

(CP) 

circle-cylinder- 

test 

1CCY) 

The  location  of  a  point  relative  to  the 
shadowspace  leads  to  one  of  three 
possible  statements : 

1.  The  point  is  not  located  in  the 
shadowspace . 

2.  The  point  is  located  in  the 
shadowspace . 

3.  The  point  is  located  at  the 
shadowspace-  boundary . 

Within  the  meaning  of  the  a  priori  test, 

1.  defines  a  negative,  2.  and  3.  a  posi¬ 
tive  conclusion  of  the  test.  The  combina¬ 
tion  of  two  primitives  determines  how 
many  times  which  test  has  to  be  performed. 
Describing  the  tests  is  not  within  the 
scope  of  this  paper,  but  it  is  worth 
knowing  that  a  complex  geometric  descrip¬ 
tion  of  a  primitive  is  related  to  an  in¬ 
creasing  test  routine.  The  shadowspace- 
test  reduces  the  number  of  required  opera¬ 
tions  at  a  given  aspect  to  about  10  7.  of 
the  original  value  without  a  priori 
tests . 

Up  to  now  invariable  properties  have 
been  extracted;  furthermore  it  is  of 
great  use  to  extract  properties  being  in¬ 
variable  within  certain  aspect  bound¬ 
aries,  called  frame- to- frame  coherences. 
This  permits  checking  the  visibility  of 
the  boundary  primitives,  instead  of  every 
primitive,  of  a  convex  component  only. 

This  is  not  described  here. 

Concerning  multiple  scattering  and  shad¬ 
owing,  there  are  certain  properties  inde¬ 
pendent  of  the  ri^ar  line  of  sight.  The 
multiple  scattering  contribution  is  pri¬ 
marily  expressed  in  terms  of  facet-  facet 
interaction.  The  most  simple  interaction 
is  the  double- bounce  effect,  with  two 
flat  plates  being  involved.  Furthermore 
it  is  the  base  for  higher  order  inter¬ 
actions.  The  plate  pairs  that  might  con¬ 
tribute  to  multiple  scattering  are  sorted 
according  to  a  simple  test,  concerning 
the  scalar  product  of  their  normals. 

Pairs  of  pistes  may  illuminate  each  other 
if  the  normal  test, 

>  0 


is  true. 


The  output  of  this  test  is  a  list  of 
pairs,  which  may  illuminate  each  other, 
independent  of  the  line  of  sight.  The  rays 
between  the  two  pistes  may  be  obstructed 
by  another  primitive,  thus  there  is  a 
secondary  hidden  surface  problem  in  the 
reflected  radar  line  of  sight.  Since  the 
aspect  is  not  fixed,  all  possible  re¬ 
flected  rays  have  to  be  taken  into  ac¬ 
count.  This  is  done  by  constructing  a  con¬ 
vex  polyhedron  between  the  two  plates  and 
testing  the  location  of  all  primitives, 
in  the  outer  half- s^ce  of  both,  with  re¬ 
gard  to  their  location  to  the  polyhedron. 

For  every  pair  of  plates  exists  an  in¬ 
tersection  line  of  their  planes,  after 
carrying  out  the  normal  test.  The  loca¬ 
tion  of  a  plate  relative  to  this  intersec¬ 
tion  line  leads  to  one  of  the  following 
two  statements: 

-  one  plate  of  the  pair  is  cut  by 
the  intersection  line,  thus  one  part 
of  the  cut  plate  is  located  in  the 
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outer  half-  space ,  the  rest  In  the 
shadowspace  of  the  other  plate, 

-  the  intersection  line  does  not  cut 
the  plate  and  the  plate  is  located  in 
the  outer  half-  space  of  the  other 
plate . 


(6.1) 

(6,8) 


(5.6)  ] 

(5.7)  / 


(5.6.7) 


1  1  0 


Indicating  double  bounce  between 


a.b  J 

a. c  — 

b. c  — 


In  the  first  case  only  the  part  located 
in  the  outer  half-  space  is  of  interest . 

The  polyhedron  is  built  up  between  this 
part,  the  whole  plate  in  the  second  case, 
and  the  other  plate  following  the  algo- 
rithM  described  in  [13] .  In  any  case  the 
polyhedron  is  convex,  because  only  convex 
ground  plates  are  used.  Now  every  priai- 
tive,  located  in  the  outer  half- space  of 
both  plates,  is  tested  in  a  min«?-x- rou¬ 
tine  against  the  outermost  coordinates  of 
the  polyhedron.  This  reduces  the  number 
of  primitives  for  the  following  tests.  In 
a  second  step  it  is  checked  whether  one 
plate  cuts  the  polyhedron  totally  or  not . 
If  this  is  true,  no  interaction  between 
the  two  plates  is  possible  and  the  pair  of 
plates  can  be  deleted.  If  not,  the  loca¬ 
tion  of  every  remaining  primitive  is 
tested  in  relation  to  the  faces  of  the 
polyhedron.  This  test  is  very  similar  to 
the  shadowspace- test ,  because  of  the  con¬ 
vexity  of  the  polyhedron.  Every  primitive 
projecting  into  the  polyhedron  might  ob¬ 
struct  the  raypath  and  is  stored  in  an  ob¬ 
struction  list,  related  to  the  pair  of 
plates  being  checked. 

Calculating  the  double  bounce  contrib¬ 
ution  after  fixing  the  aspect  leads  to  the 
following  procedure.  At  first,  the  vis¬ 
ibility  of  the  pairs  of  plates  is  tested. 
Both  plates  have  to  be  visible,  to  get  a 
double  bounce  contribution,  thus  all 
other  combinations  are  rejected.  The  re¬ 
jection  includes  a  normal  incidence  on 
one  of  the  two  plates.  In  a  second  step 
the  common  area  in  the  projection  plane  is 
determinded,  as  described  in  section  3. 
Then  every  primitive  in  the  obstruction 
list  of  the  pair  is  projected  onto  the 
projection  plane  to  determine  the  shadow¬ 
ing  of  the  common  area.  The  number  of  pri¬ 
mitive  pairs  and  obstructing  primitives 
which  have  to  be  rcMrded  at  fixed  aspects 
is  reduced  to  ~  0.2  7.  of  the  theoretical 
value . 


In  a  next  step  open  cavities  formed  by  two 
plates  are  extracted  from  the  list  of 
pairs.  This  is  done  by  testing  the  scalar 
product  of  their  normals,  being  greater 
than  zero. 

Triple  bounce  calculation,  after  fixing 
the  aspect,  is  retracted  to  a  recurrence 
double  bounce  calculation.  Therefore  all 
possible  permutations,  which  represent 
the  six  different  raypaths  of  a  triple  are 
determined.  The  related  double  bounce 
marking  of  a  triple  is  permutated,  too. 

The  relationship  between  the  visiljility 
for  each  plate  of  a  triple  and  the  double 
bounce  marker  determines ,  which  of  the 
six  raypaths  have  to  be  taken  into  ac¬ 
count.  For  a  full  visible  thrihedral 
corner- reflector ,  all  six  raypaths  con¬ 
tribute  to  the  backscatter  RCS. 

5.  Graphical  presentation  techniques 

The  final  areas,  the  common  areas  in  the 
case  of  double  and  triple  bounce  and  the 
partially  shadowed  or  visible  primitives 
in  the  case  of  single  bounce,  build  up  the 
base  for  a  graphical  representation  of 
the  scattering  mechatnisms.  These  areas 
are  projected  onto  the  viewing  plane, 
figuring  the  target  as  a  parallel  projec¬ 
tion  viewed  from  the  infinity.  Single, 
double  and  triple  bounce  effects  are 
treated  separately  to  avoid  confusion. 

Single  bounce  contributing  areas  are 
filled  solid,  if  they  are  shadowed  and 
striped,  if  not.  The  color  depends  on  the 
direction  of  the  scattered  field.  For  par¬ 
tially  shadowed  singly  curved  surfaces 
the  region  of  specular  return  is  marked. 
Double  and  triple  bounce  effects  are  ana¬ 
lyzed  by  projecting  the  common  area  onto 
the  final  plate  (Fig.  4).  The  difficult 
raytracing  for  triple  bounce  effects  may 
be  plotted  separately  for  small  compo¬ 
nents  (Fig.  5a- f). 


Once  the  list  of  possible  pairs  and  the 
related  obstruction  list  is  found,  the 
next  a  priori  test  is  to  extract  possible 
triples  of  pairs  contributing  to  triple 
bounce  effects.  It  is  easy  to  understand, 
that  this  is  done,  using  the  list  of  pairs 
as  a  base  for  the  test.  The  list  is 
searched  for  three  pairs  with  one  or  two 
equal  plate (s)  in  two  of  the  three  pairs. 
Those  pairs  fora  a  triple  with  their  dif¬ 
ferent  plates,  permutations  of  a  triple 
are  only  stored  once.  The  triples  are  mar¬ 
ked,  whether  double  bounce  is  possible 
between  two  plates  or  not.  For  example: 


list  of 
pairs 

extracted 
pairs  - 

triples 

marking 

(sie) 

(5.7) 

(5.8) 

(5,6) 

(5.8)  - 

(6.8)  , 

(5.6,8) 

1  1  1 

The  final  areas  do  not  represent  the 
scattered  field,  because  of  possible 
overlapping  of  the  areas .  A  false  color 
image  of  the  scattered  field  is  generated 
by  determining  the  overlapping  areas  and 
calculating  new  RCS  values  for  this 
areas.  This  has  to  be  done  for  the  re¬ 
maining  areas  also .  The  total  RCS  of  an 
overlapping  area  is  found  by  summing  all 
contributions  within  this  areas. 

Other  graphical  features  like  radial  and 
cummulative  distribution  of  the  scatter¬ 
ing  centers  are  included.  The  total  a- 
mount  of  graphical  presentation  offers 
the  unskilled  user  an  easy  understanding 
of  the  scattering  mechanisms.  The  ability 
to  identify  scattering  centers  and  ana¬ 
lyze  their  node  of  action,  makes  it  easier 
changing  the  design  to  get  a  ’low  observa¬ 
ble’  target. 


eas  for  a  trihedral 
by  a  cylinder. 
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6.  tesalta 

arrangement  of  the  hangar  gate,  the  illu- 

This  section  presents  some  results  ob-  mination  is  only  in  the  direction  from  the 

tained  using  the  computer  iCS  prediction  hangar  deck  to  the  hangar  gate.  The  illu- 

prograa  described  above.  A  flat  plate  mod-  minated  area  in  the  upper  right  corner  of 
el  of  the  new  fregate  F  123  has  been  the  top  component  is  projected  from  the 

chosen  to  illustrate  the  capabilities  of  port  funnel’s  top  face.  Several  corners, 

this  approach  [Fig.  6]  .  The  model  is  formed  by  the  deck  buildings,  are  identi- 

viewed  from  -  16.0’  azimuth  and  6.0*  eleva-  fied  by  the  program  to  give  the  main  con- 
tion.  The  representation  is  limited  to  tribution  to  the  total  ECS.  In  comparison 

652  flat  plates.  Partially  shadowed  prim-  to  the  single  bounce  case  this  corners  are 

itives  are  substituted  by  sub- polygons  as  the  dominant  scatterers.  Not  assumed  di- 

described  in  section  2.  Those  plates  may  hedral  corner  reflectors  are  identified 

be  identified  by  additional  lines  from  to  lie  at  the  maneuver  deck, 

one  edge  to  the  intersection  point(s)  of 

the  shadowing  primitive.  Azimuthal  sweeps  from  O’- 180*  at  an  ele¬ 

vation  angle  of  7’  are  shown  in  Fig.  9. 

A  single  bounce  ^aphical  represents-  The  prediction  is  calculated  for  a  fre- 

tion  of  the  model  is  shown  in  Fig.  7.  The  quency  of  3  GHz  with  horizontal  polari- 

main  contributions  to  the  total  ECS  are  nation  of  transmitter  and  receiver.  The 

marked  with  horizontal  stripes.  Vithin  solid  line  is  corresponding  to  the  rela- 

this  group  of  scatterers,  the  triangular  tive  phase  method,  the  plus  sign  markers 

flat  plate  of  the  port  funnel  is  iden-  are  corresponding  to  the  random  phase 

tified  to  give  the  main  contribution.  402  method.  The  single  bounce  sweep  (a)  and 

convex  sub-  polygons  are  needed  to  extract  the  double  bounce  sweep  (b)  are  caicu- 

the  visible  rest  of  partially  shadowed  lated  in  intervals  of  0.25*.  The  distinct 

flat  plates.  difference  between  single  and  double 

bounce  contribution  is  shown,  particulary 

Fig.  8  shows  the  double  bounce  repre-  for  rear  aspects  of  observations.  The  CPU 

sentation  for  two  aspects.  The  PO  integra-  time  taken  by  the  program,  when  running  on 

tion  areas  are  filled  solid.  Some  parts  of  a  SUN  4/330,  to  calculate  the  ECS  at  each 

the  superstructure  deck  are  illuminated  aspect  angle  is  4.57  seconds  for  the  fre- 

from  different  plates  in  the  same  area.  gate  F  123  model  in  the  case  of  single 

Thus  there  are  different  PO  integration  bounce  and  10.2  seconds  for  double 

areas  that  have  to  be  taken  into  account.  bounce.  This  is  related  to  a  computation 

The  viewing  position  in  (b)  offers  a  good  time  of  0.007  seconds  for  a  single  facet 

understanding  of  the  double  bounce  scat-  at  a  given  aspect  for  one  frequency  and 

tering  mechanism.  Because  of  the  oblique  polarisation. 


Fif.  8;  Doable  bounce  naphicnl  representation  of  the  f regate 
F  133.  Viewed  iron  -16*  asimth  and  5*  elevation  (a). 
Viewed  f roa  166*  asinnth  and  6*  elevation  (b) . 


ECS  [dB]  ^  ECS  [dB] 
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7.  Conclnsion 


The  a  priori  test  aethod  described  above 
is  presented  as  a  possible  solution  to  re¬ 
duce  coaputing  tiae  during  the  variation 
of  the  aspect  for  ECS  predictions.  Struc¬ 
ture  iaaanent  properties  are  used  to  re¬ 
duce  the  nuaber  of  priaitives  to  be 
checked.  These  properties  are  extracted 
for  single,  double  and  triple  bounce  inde¬ 
pendent  of  the  radar  line  of  sight.  The 
60- PO  prediction  technique  coabined  with 
graphical  presentation  techniques  offers 
the  unskilled  user  a  good  understanding 
of  different  scattering  aechanisas.  The 
user  can  extract  a  local  scattering  cen¬ 
ter  and  study  it  in  detail  separately. 

This  allows  hia  to  deteraine  the  effects 
of  design  changes  within  a  few  ainutes, 
allowing  an  interactive  approach. 
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DISCUSSION 


A.  Altintols,  TU 

Since  you  are  using  physical  optics  for  the  scattering  calculation,  it  seems  to  me  that  on  a 
parallel  computer,  the  computations  can  be  made  faster.  Can  you  make  a  comment  on  that? 

Author's  Reply 

Most  of  the  time  is  used  to  solve  the  hidden  surface  problem.  Depending  on  the  approach 
we  have  to  do  this  primitive  after  primitive.  Thus  parallel  computing  could  only  be  used  after  the 
hidden  surface  problem  is  solved. 

L.  Oldfield,  UK 

The  use  of  large  simply  curved  surfaces  to  construct  your  model  ship  may  yield  falsely  low 
values  of  RCS.  Do  you  plan  to  extend  your  method  to  include  perturbaticms  of  the  surfaces  to  give 
improved  representation  of  a  real  ship? 

Auth(H‘'s  Reply 

Yes,  we  plan  to  do  this,  and  then  we  have  to  include  all  the  effects  Dr.  Stein  spoke  about. 
This  has  been  the  first  stq>  to  get  and  analyze  the  specular  effects  only. 

U.  Lammers,  US 

Do  you  use  experimental  imagining  m  verify  your  conqniuition  models? 

AuthOT's  Rq)ly 

No,  we  only  use  getHnetric  optics. 
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RCS  calculations  of  3-dimensional  objects,  modeled  by  CAD 
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1  Summary 

The  aim  of  this  work  is  to  detail  all  the  steps,  that  one  has  to 
perform  to  enable  efficient  Radar  Cross  Section  calculation 
for  objects  with  a  complex  and  general  shape.  Only  cavities 
are  supposed  to  be  non  existent  at  this  state  of  the  work.  Be¬ 
fore  the  actual  Radar  Cross  Section  calculations,  preliminary 
treatments  like  systematic  modeling,  Hidden  Faces  removal, 
and  automatic  recognition  of  reflection  and  diffraction  cen¬ 
tres  are  realised.  ARer  the  creation  of  the  object’s  geometry, 
and  its  adaptation  to  the  direction  of  the  observator,  we  use 
Physical  Optics  (PO)  to  determine  the  backscattered  field, 
and  Geometrical  Theory  of  Diffraction  (GTD)  to  evaluate 
the  diffracted  fields.  Only  monostatic  scattering  (i.e  back- 
scattering)  will  be  considered. 

2  General 

If  RCS  measurements  are  impossible  or  too  expensive,  or 
if  shaping  is  investigated  for  stealth  purposes,  computer  si¬ 
mulation  becomes  a  very  interesting  alternative  to  RCS  de¬ 
termination.  To  perform  this  latter,  several  methods  were 
developed.  Briefly  summarized  (5,  6,  7,  8],  we  have  on  one 
hand  the  Method  of  Moments  (MoM),  which  is  too  time  and 
memory  consuming  if  large  objects  are  studied,  but  gives 
correct  results  in  "near  field”  situations,  and  on  the  other 
hand  Physical  Optics  (PO)  and  Geometrical  Optics  (GO), 
two  high  frequency  approximation  methods  which  allow  fast 
calculations  with  acceptable  results,  assuming  the  object  is 
in  far  field  conditions.  If  plane  surface  patches  (triangles) 
are  used  for  the  modeling  of  the  object.  Physical  Optics  be¬ 
comes  the  most  interesting  method.  The  Radar  Cross  Section 
of  the  complete  three-dimensional  body  is  obtained  by  sum¬ 
ming  up  the  complex  amplitudes  of  the  RCS  af  each  triangle. 
To  validate  the  obtained  results,  comparison  between  mea¬ 
surements  and  calculations  are  performed,  using  teat  bodies 
of  relatively  simple  shapes  like  cones,  spheres,  dihedral  cor¬ 
ners  _  'The  modeling  of  those  bodies  can  be  performed 

manually,  and  their  shapes  are  sufficiently  simple  to  avqid 
complicated  geometrical  tests. 

If  Radar  Cross  Section  calculations  have  to  be  per¬ 
formed  on  bodies  of  much  more  complex  shapes,  several  ad¬ 
ditional  problems  ar0e; 

•  modeling  has  to  become  systematic,  being  too  compli¬ 
cated  to  be  handled  manu^ly. 

•  Hidden  faces  have  to  be  removed,  for  each  angle  of  ob¬ 
servation. 


Figure  1:  Complex  object  introducing  different  reflection  and 
diffraction  cases 

•  Tests  for  finding  double  and  triple  reflections,  or  for  the 
determination  of  diffraction  centres  (tips,  wedges,...)  be¬ 
come  more  complicated. 

In  the  following  sections,  we  will  develop  those  items,  which 
will  enable  us  to  apply  well  known  RCS  calculation  methods 
to  objects  of  arbitrary  geometries. 

3  Modeling 

Having  chosen  to  describe  the  objects  by  triangular  patches, 
we  looked  for  existing  soRware,  which  would  enable  us  to  cre¬ 
ate  a  triangular  surface  mesh,  and  to  save  the  results  in  two 
files,  one  containing  the  coordinates  of  the  nodes  (or  triangle 
points),  and  one  containing  the  triangles.  We  found  the  an¬ 
swer  in  the  graphical  interface  of  SYSTUS,  a  tool  to  perform 
finite  elements  calculations  on  Apollo  stations.  The  introduc¬ 
tion  of  the  three-dimensional  bodies  is  based  on  the  principle 
that  each  surface  can  be  defined  by  the  rotation,  translation 
or  transformation  of  specific  edges,  and  that  every  edge  can 
be  defined  by  a  number  of  its  points.  So,  the  creation  of 
the  object’s  surface  requires  the  following  steps;  define  the 
points,  define  the  edges  going  through  those  points,  and  fi¬ 
nally  define  the  surfaces  by  specific  actions  on  the  edges. 
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Figure  2:  Warnock’s  determination  of  hidden  triangles. 

Next,  the  different  surfaces  are  put  together  and  the  trian¬ 
gular  mesh  is  created.  The  size  of  the  triangles  is  optional, 
so  we  could  fix  their  minimal  size  at  about  5  A  (  A  is  the  free 
space  wavelength  of  the  incident  field),  this  to  satisfy  the  tan¬ 
gent  plane  approximation  for  each  individual  triangle.  Fig  1 
shows  an  example  of  an  object  defined  with  this  software. 
The  minimal  size  of  the  triangles  can  be  insufficient  for  the 
modeling  of  parts  of  the  object  with  an  important  curvature 
(one  should  keep  in  each  point  of  the  object,  the  distance 
between  the  real  surface  and  the  triangle  within  a  A/16  limit 
[10]).  In  this  case,  the  MoM  can  be  applied  locally  to  solve 
the  problem  for  this  particular  part  of  the  object.  This  hybrid 
approach  needs  again  a  geometrical  analysis  of  the  object,  to 
6nd  out  automatically  where  such  high  curvature  centres  are 
localized.  This  problem  is  to  be  solved  in  the  future. 

4  Removing  Hidden  triangles 

This  operation  needs  to  be  performed  for  each  possible  reflec¬ 
tion  (see  point  5.2)  and  direction  of  observation.  To  eliminate 
the  hidden  triangles  from  the  file  describing  the  object,  one 
has  to  work  in  different  steps,  which  could  be  summarized  as 
follows; 

•  Perform  simple  tests  to  remove  obvious  hidden  faces 
from  the  file  describing  the  object. 

•  For  the  simplified  object,  select  the  totally  seen,  par¬ 
tially  seen  or  completely  hidden  triangles,  for  a  given 
position  of  the  observer. 

•  Divide  the  partially  seen  triangles  in  little  triangles,  that 
are  completely  hidden  or  completely  seen. 

•  Create  a  new  file,  describing  the  object,  but  containing 
only  the  visible  triangles. 

Before  applying  a  complicated  algorithm  to  a  great 
amount  of  little  triangles,  on  should  try  to  reduce  their  num¬ 
ber  by  a  fast  elimination  of  obviously  hidden  ones  using  as 
much  simple  tests  as  possible.  No  doubt  this  will  significantly 
reduce  the  computation  time  of  the  Hidden  Faces  program. 
A  standard  test  is  the  comparison  of  the  orientation  of  the 
normal  of  the  plane  of  each  triangle,  to  the  direction  of  obser¬ 
vation.  One  could  also  characterize  some  parts  of  the  object 
by  a  special  code,  like  {UP,  DOWN,  LEFT,  RIGHT}.  If  the 
observator  is  located  upwards,  one  certainly  can  eliminate 
all  its  triangles  located  DOWN,  even  if  the  faces  are  oriented 
towards  the  source. 

Once  simple  tests  have  simplified  the  object,  an  algo¬ 
rithm  for  hidden  faces  elimination  is  required.  Because  RCS 
calculations  are  using  approximation  methods,  full  precision 


Figure  3:  Organigram  of  the  Hidden  Faces  Algorithm. 

is  not  necessary,  and  we  chose  the  WARNOCK’s  method[3). 
This  method  projects  all  triangles  on  a  plane  perpendicu¬ 
lar  to  the  line  of  sight,  and  divides  successively  the  obtained 
scene,  which  is  contained  in  a  “big”  rectangle,  in  smaller  and 
smaller  rectangles,  until  one  rectangle  contains  only  infor¬ 
mation  of  one  triangle,  or  until  the  precision  of  the  screen  is 
reached.  In  fact,  we  are  working  in  two  steps: 

1.  For  each  triangle,  determine  (in  %)  the  fraction  of  its 
surface  which  is  really  seen  (Warnock) 

2.  For  the  partially  seen  triangles,  divide  the  resting  surface 
in  new  little  triangles. 

In  fig  2,  the  rectangles  ate  divided  according  to  the  com¬ 
plexity  of  the  scene  that  they  contain.  In  each  rectangle,  a 
number  indicates  if  it  is  triangle  1  or  triangle  2  that  is  consi¬ 
dered  as  the  one  wich  is  seen.  In  this  particular  case,  triangle 
1  is  partially  hidden  by  triangle  2.  The  resulting  file  contains 
6  visible  triangles,  because  some  parts  of  triangle  1  had  to 
be  adapted  by  dividing  them  in  new  triangles. 

By  each  next  division  of  a  rectangle,  one  has  to  keep 
track  of  precedent  informations,  and  store  new  data.  In¬ 
deed,  every  part  issued  from  a  triangle,  will  inherit  some  of 
its  characteristics  (  for  example,  if  another  triangle  is  com¬ 
pletely  hiding  one,  it  will  also  hide  every  part  issued  from  it), 
and  insert  some  characteristics  of  its  own  (is  the  little  part 
completely  visible  or  not).  Each  new  division  will  simplify 
the  observed  scene,  so  that  once  a  simple  feature  is  encoun¬ 
tered  (only  one  piece  of  triangle  in  the  considered  rectangle) 
a  conclusion  can  be  made  for  this  specific  part  (hidden  or 
not).  This  information  has  to  be  added  to  the  summarizing 
description  of  the  triangle  we  are  studying.  Eventually,  the 
surface  of  this  little  part  is  added  to  the  visible  surface  of  the 
original  triangle.  The  organigram  on  fig  3  shows  the  general 
idea  of  the  Hidden  Faces  program  we  developed.  To  enable 
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Figure  4;  Decoy:  how  it  looks,  and  resulting  visible  triangles. 

the  adaptation  of  the  calculation  effort  to  the  complexity  of 
the  object,  we  made  the  “precision”  of  the  screen  optional, 
so  that  the  size  of  the  minimum  rectangle  can  depend  on  the 
relative  size  of  the  triangles  compared  to  the  total  dimension 
of  the  object  (which  determines  the  starting  rectangle).  The 
algorithm  allows  us  to  treat  non  convex  objects,  like  the  fol¬ 
lowing  configuration  on  fig  4.  As  one  can  see  on  this  figure, 
the  resulting  triangles  do  not  always  have  ideal  dimensions 
(one  size  much  smaller  than  the  two  others).  If  this  is  influ¬ 
encing  the  computer  effort,  or  the  results,  will  be  analysed 
in  the  future. 


Figure  5:  Geometry  for  monostatic  scattering  (after  [10]). 

Here,  r  is  the  distance  of  the  triangle  to  the  source, 
"ri  ny,n,  are  the  components  of  the  normal  vector  n,  Rn 
and  Re  are  the  Fresnel  Reflection  Coefficients,  z(x,y)  ex¬ 
presses  the  equation  of  the  plane  of  the  considered  triangle, 
F  is  the  triangular  integration  domain,  E,  is  the  electric  field 
backscattered  by  the  triangle,  and  Ei  is  the  incident  electric 
field.  The  expression  (1)  is  derived  from  the  Stratton-Chu 
equations  [5],  which  express  the  field  present  in  a  volume, 
when  all  the  sources  are  localized  outside  this  volume.  If  the 
sources  are  assumed  to  be  localized  at  an  infinite  distance, 
one  gets  the  expression  of  the  scattered  field  [8].  The  coor¬ 
dinate  system  giving  the  Stratton-Chu  equations  and  their 
derivatives,  is  local  to  the  reflecting  surfaces  and  determined 
by  the  unit  vectors  n  which  is  the  normal  to  the  plane,  and 
e||,  ej.  the  unit  vectors  respectively  parallel  and  perpendicu¬ 
lar  to  the  plane  of  incidence,  which  is  defined  as  the  plane 
containing  n  and  e,  (  see  fig  5).  Transforming  this  local  co¬ 
ordinate  system  into  an  absolute  OXYZ  system  finally  gives 
eq.(l). 

If  one  considers  perfectly  conducting  surfaces  (R//  = 
—Re  =  1),  (1)  simplifies  considerably,  and  the  Radar  Cross 
Section,  given  by: 


5  Reflections 

5.1  Physical  Optics  in  simple  and  double  re¬ 
flections 

One  of  the  advantages  of  Physical  Optics  (PO)  lies  in  the 
fact  that  this  high  frequency  method  enables  Radar  Cross 
Section  calculations  for  plane  surfaces.  The  restrictions  of 
the  method  are  : 

•  The  illuminating  wave  is  a  plane  wave,  the  target  must 
be  in  the  far  field  of  the  source  (radar). 

•  The  dimension  of  the  triangles  must  be  such  that  they 
are  small  enough  to  keep  close  to  the  real  object  shape, 
but  large  enough  to  satisfy  the  tangent  plane  approxi¬ 
mation,  and  to  reduce  the  calculation  time  . 

As  the  method  is  based  on  the  assumption  that  the  tangen¬ 
tial  magnetic  fields  are  equal  to  twice  the  incident  magnetic 
field  at  the  surface,  and  non  existent  elsewhere,  it  supposes  a 
sudden  discontinuity  in  the  field  at  the  shadow  boundaries. 
Diffraction  calculations  will  treat  this  problem  in  section  6. 

To  perform  RCS  calculations  for  simple  reflections  on 
each  one  of  the  triangles  constituting  the  object,  we  used  the 
general  formula,  obtained  in  [10,  11]: 


(T  =  4zr  lim 
r— oo 


depends  only  on  the  phase  integral.  If  non  ideally  conduc¬ 
ting  surfaces  are  treated,  one  can  use  the  complex  Fresnel 
Reflection  Coefficients  for  multilayered  object  [11,  6]; 


^OcosqID  —  zjfjcosa^^^ 
Z(*)cosof*l  -f  Z/^cosq(^^ 


Re  = 


Zf^coso^'^  — 

ZjgCOSOrfD  -t-  ^IDcosorf*) 


(2) 

(3) 


and  substitute  them  in  (1)  ,  Here  Z^"^  =  ® 

impedance  of  the  n-th  layer,  with  n=l  indicating  the  first 
layer(in  our  case  air).  To  obtain  the  and  values 
of  the  second  layer,  one  has  to  use  the  recursive  expressions 
[11]  to  determine  the  intermediate  values  Z\’l}  and  Z^’g  of 
all  the  layers  present,  the  last  one  (n=N)  being  in  our  case 
a  perfect  conductor.  In  the  case  of  double  reflections,  if  one 
uses  virtual  panels  [10],  these  should  be  supplied  with  a  “vir¬ 
tual”  reflection  coefficient.  In  the  case  that  the  normals  to 
the  reflecting  panels  have  a  zero  or  n.  coefficient  (trian¬ 
gles  in  the  OYZ  or  in  the  OXZ  plane)  eq.(l)  reduces  to  (take 
for  example  n,  =  0)  : 


-jke 


2xr(l 


E.= 


/  Rnnl-  Rsnl 

(««  +  RB)nlnl  \ 

(  -Rb  0  \ 

(  Ei. 

\  {Rh  +  ft£)n*nj 

Run)  -  Rsnl  ) 

VO  / 

V  Ei* 

(4) 
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Figure  6:  Complex  object  with  some  double  reflection  can¬ 
didates. 


Figure  7:  selecting  the  actual  double  reflecting  parts. 

which  means  that  in  this  case,  in  order  to  obtain  the  “virtual" 
reflection  coefficient,  one  needs  only  to  successively  multiply 
the  respective  complex  reflection  coefficients  Re  or  R//.  In 
other,  more  general  cases  however,  one  should  carefully  exa¬ 
mine  if  such  a  simple  solution  is  still  possible. 

5.2  Finding  the  double  reflections 

Every  field  which  is  reflected  by  a  triangle,  could  meet  an¬ 
other  triangle  and  give  rise  to  a  double  reflection.  As  already 
said  in  the  beginning  of  section  4  and  as  is  pointed  out  in  fig  6, 
if  the  object  is  complex,  several  parts  of  existing  triangles  can 
be  active  in  this  double  reflection  problem.  One  has  to  look 
through  the  complete  collection  of  triangles  constituting  the 
object,  to  find  the  candidates  for  double  reflections,  but  can 
restrict  himself  to  the  triangles  kept  after  the  elimination  of 
the  hidden  faces.  Indeed,  a  hidden  triangle  will  never  reflect 
anything  back  towards  the  observer.  Cavities  are  an  excep¬ 
tion  to  this  rule,  and  work  is  done  to  find  a  simple  method 
to  detect  them. 

To  constitute  the  collection  of  triangles,  which  actu¬ 
ally  lead  to  double  reflections,  the  faces,  not  visible  from  a 


Figure  8:  geometry  of  the  cube  with  additional  faces,  after 
110] 


“reflected  wave”  point  of  vue  should  be  eliminated.  Again, 
the  Hidden  Faces  program  can  be  used,  although  this  involves 
the  assumption  of  a  reflection  of  the  incident  field  in  the  GO 
sense.  The  following  preliminary  treatments  are  required, 
because  the  Hidden  Fa''es  algorithm  supposes  the  observator 
to  be  located  at  an  infinite  distance  of  the  considered  object, 
and  not  inside  (more  specifically,  on  the  reuecting  triangle) 
the  object  like  here. 

•  A  first  test  on  the  triangles  selects  those,  oriented  to¬ 
wards  the  “reflecting  triangle”  which  we  will  note  Ttl 
(fig  7a).  This  is  done  by  the  evaluation  of  the  angle  be¬ 
tween  the  rays  (GO)  reflected  by  TVl  and  the  normal  to 
the  triangles. 

•  Next,  we  eliminate  from  this  new  list  all  the  triangles 
not  being  “in  front”  of  the  ray  reflected  by  TYl  (fig  7b). 

•  Finally,  the  hidden  faces  algorithm  is  applied  to  the  res¬ 
ting  triangles  (fig  7c).  In  this  last  step,  the  limitation 
of  the  starting  rectangle  (for  the  Warnock  algorithm) 
to  the  size  of  TVl  reduces  the  time  for  hidden  surfaces 
treatment. 

The  resulting  triangles  effectively  giving  rise  to  double  reflec¬ 
tions  are  finally  shown  in  (fig  7d). 

5.3  Calculations  of  the  reflections 

To  compare  our  results  to  examples  given  in  literature,  we 
have  chosen  the  cube  with  additional  surfaces[10],  because  it 
makes  use  of  double  reflections,  hidden  faces  and  wedges  (see 
next  section),  and  still  remains  a  simple  shape. 

Two  types  of  calculations  were  performed  with  this 
object.  First,  the  incident  field  was  parallel  to  the  OXZ  plane 
(see  fig  8),  and  a  variation  of  the  horizontal  aspect  angle  was 
performed.  We  obtained  the  curve  on  fig  9,  exhibiting  a  good 
agreement  with  well  known  curves[10]. 

Next,  we  tried  to  obtain,  for  the  same  cube  with  ad¬ 
ditional  faces,  but  in  the  position  given  in  fig  10,  the  curves 
given  in  [lOj.  The  curve  we  obtained  (sec  fig  12)  has  the 
same  general  shape  as  in  (10)  (see  fig  1 1).  The  maxima  and 
minima  seem  to  agree,  but  still  there  are  some  dilTerences, 
and  work  is  done  to  explain  them.  Maybe  the  rotation  of  the 
object  was  not  identical  to  that  performed  in  [lOj. 

6  Diffractions 

6.1  Geometrical  Theory  of  Diffraction 

To  treat  the  influences  of  the  edges,  and  the  unacceptable 
field  discontinuity  imposed  by  Physical  Optics,  diffracted 
fields  have  to  be  determined.  Physical  Theory  of  D' (Trac¬ 
tion  (PTD)  and  Geometrical  Theory  of  Diffractions  (GTD) 
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RCS  (clBmm2) 


Figure  9:  Cube  with  additional  faces,  RCS  in  function  of 
aspect  angle  in  degrees,  rotation  of  observator  in  horizontal 
plane 


RCS  (clBmm2) 


Figure  12:  cube  with  additional  faces,  rotation  in  vertical 
plane 


Figure  10:  Special  orientation  of  the  cube  with  additional 
faces,  after  [10] 


(a):  calculations 


(b):  measured 


Figure  11:  Cube  with  additional  faces,  RCS  in  function  of 
aspect  angle  in  degrees,  rotation  in  vertical  plane,  after  (10] 


are  two  methods  treating  this  problem.  Both  use  diffraction 
coefficients  to  relate  the  dif^r^M:ted  field  ti  the  incident  field, 
and  use  as  reference  the  two-dimensional  solution  proposed 
by  Sommerfeld  [12]  for  the  diffraction  by  a  wedge.  Moreover, 
both  methods  are  quite  similar  in  their  shortcomings.  They 
give  acceptable  results  only  for  diffracting  directions  lying  on 
the  Keller  cone  [7],  and  progressively  fail  as  the  scattering  di¬ 
rection  moves  further  from  the  specular  direction.  The  major 
advantage  of  PTD  concerns  the  continuity  of  its  diffraction 
coefficients  near  shadow  and  reflection  boundaries,  where  the 
GTD  coefficients  fail,  although  in  the  monostatic  case,  this 
problem  can  been  overcome  (see  section  6.2)  without  too 
much  difficulties. 

Being  an  extension  of  Physical  Optics,  PTD  seems 
more  indicated  to  our  problem,  but  we  preferred  to  illus¬ 
trate  the  defection  of  ihe  diffraction  centres  using  Geome¬ 
trical  Theory  of  Diffraction,  because  of  its  simplicity  in  only 
invoking  two  rather  simple  scidar  diffraction  coefficients.  The 
principles  of  the  determination  of  the  different  variables  (sec¬ 
tion  6.3)  can  be  applied  without  problems  to  PTD  which  in 
fact  uses  similar  parameters. 

In  Geometrical  Theory  of  Diffraction,  one  brings  the 
diffracted  field  in  relation  to  the  incident  field  by  means  of 
diffraction  coefficients,  in  the  same  way  reflected  fields  can 
be  expressed  using  reflection  coefficients.  The  edge  diffracted 
field  is  given  by:  [13] 

where  E4  and  Eli  are  respectively  the  diffracted  and  incident 
electric  fields,  r  is  the  distance  from  the  edge  caustic  to  the 
observator,  D  is  the  dyad  counting  for  the  diffractions,  and  p 
depends  on  the  radius  of  curvature  of  the  incident  wavefroni 
and  on  the  radius  of  curvature  of  the  illiiminatnl  eilgc  [13]. 


F 
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In  the  case  of  a  straight  edge  and  of  a  plane  wave,  the  variable 
p  equals  infinity,  so  that  tq.(5)  becomes: 

Figure  14:  Monostatic  diffraction  on  a  wedge. 


Ei{T)  ~  Ei.b. 


(6) 


The  dyad  D  in  eq.(6)  for  a  perfect  conductor  can  be 
expressed  by:  [13] 


D  —  —P'oPoD,  — 

(see  figure  13  for  the  orientation  of  the  vectors)  or  in  matrix 
form: 


In  the  case  that  the  field  point  is  not  too  close  to  a  shadow 
or  reflection  boundary,  the  scalar  diffraction  coefficients  D, 
and  Dll  are: 


D,,h(<t>,<j>'  ,0o)  = 


ezp{-j.r/4).sin{-!r/n) 


n.\/2zksin0o 

r _ 1 _ _ 1 _ 

[cosjr/n  —  cos[(d'  -  ^')/'*]  cos-z/n  —  cos[(<^  +  ^')/") 


(7) 


be  acceptable.  A  better  treatment  should  consist  in  imme¬ 
diately  adding  the  diffracted  field  to  the  PO  field  of  the  tri¬ 
angles  constituting  the  wedge,  but  then  a  three-dimensional 
diffracted  field  should  be  used.  This  is  possible  if  one  uses 
PTD,  because  with  this  method,  an  integration  is  performed 
along  the  wedge  [16]  to  obtain  the  diffracted  field,  which 
means  that  the  influence  of  the  finite  length  of  the  wedge  is 
automatically  taken  into  account. 

In  any  case,  PTD  and  GTD  require  the  same  preli- 
nainary  geometrical  treatments,  and  our  purpose  is  to  give  a 
description  of  the  actions  to  be  taken. 

The  determination  of  the  diffracted  field  requires  the 
following  steps; 

1.  Determine  (see  figure  13)  the  exterior  angle  nx,  and  the 
values  of  the  angles  <i>  ,  0'  and  0o. 

2.  Bring  the  edge  fixed  coordinate  systems  0'o,0o,  0o 

in  relation  with  the  absolute  coordinate  system  OXYZ. 

3.  Determ;.,  the  resulting  Radar  Cross  Sections. 


with  the  upper  sign  referring  to  D,,  and  the  lower  to  Dh. 

To  determine  the  Radar  Cross  Section  related  to 
the  diffractions,  one  can  observe  in  (6)  that  the  obtained 
diffracted  field  is  in  1/v/r  (and  not  in  1/r^  like  we  would 
expect)  ,  because  in  our  case  the  problem  is  reduced  to  a 
two-dimensional  one.  To  transform  this  result  into  a  three- 
dimensional  expression,  the  influence  of  the  finite  length  of 
the  wedge  needs  to  be  introduced.  In  the  case  of  a  dihe¬ 
dral  corner,  Ross  [1.5]  solved  this  problem  by  the  following 
transformation  of  the  two-dimensional  results: 

2L^ 

where  un  is  the  echoing  width  : 


Oh!  -  2t  lim  r. 

r— *00 


\Ed? 

I  Ei  V 


and  (Ti  the  equivalent  three-dimensional  Radar  Cross  Sec 
tion.  This  could  enable  the  determination  of  an  independent 
Radar  Cross  Section  contribution  of  the  diffracted  field,  but 
the  integration  of  the  obtained  in  the  RCS  calculations 
remains  a  problem.  Simply  adding  this  diffraction  contribu¬ 
tion  to  the  reflection  bounded  RCS  seems  too  unprecise  to 


These  topics  will  be  treated  in  the  following  sections,  but 
before  that,  a  prior  problem  has  to  be  solved,  namely  the 
localisation  of  the  wedges. 


6.2  Finding  the  wedges 

To  find  the  wedges,  certain  preliminary  considerations  have 
to  be  done.  We  are  working  with  “specular”  methods,  and 
we  know  that  the  diffracted  rays  are  localized  on  the  Keller 
cone.  Moreover,  we  are  only  treating  monostatic  scattering. 
This  means  that  (  see  fig  13)  the  angles  0  and  0'  are  equal, 
and  that  only  edges  perpendicular  to  the  plane  of  incidence 
(fig  14)  will  be  treated. 

A  second  consideration  concerns  the  domains  in  which 
the  Geometrical  Theory  of  Diffraction  fails.  Indeed,  the 
diffraction  coefficients  become  infinite  at  the  reflection  and 
shadow  boundaries.  Being  in  the  monostatic  case  (0'  =  0). 
the  conditions  for  an  observator  located  near  the  shadow 
boundary  (0'-0  =  t)  will  never  be  satisfied.  Concerning  the 
reflection  boundary  (0'  -f  0  =  x)  ,  only  when  0'  =  0  =  »/2, 
thus  for  a  wave  incident  in  the  direction  of  the  normal  to  the 
considered  plane  (total  reflection),  an  infinite  result  for  the 
diffraction  coefficients  will  be  obtained.  A  way  to  circumvent 
this  problem  is  to  try  to  treat  the  “other"  plane  constituing 
the  wedge  as  the  reference  plane,  if  this  i'  possible. 
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Figure  15;  Ambiguity  in  finding  the  wedge. 


Figure  16:  3  different  relative  positions  of  triangles. 


Finally,  one  should  not  forget  to  keep  track  of  the 
treated  wedges,  to  avoid  double  treatments. 

Consider  the  same  starting  situation  as  for  the  reflec¬ 
tion  calculations:  we  have  a  triangle  (Trl)  receiving  the  ini¬ 
tial  incident  field  £{.  To  find  the  wedges,  two  options  can 
be  chosen  [16];  do  we  only  consider  the  actual  wedges  (those 
effectively  present  on  the  illuminated  object),  or  do  we  treat 
all  the  wedges  we  created  by  our  modeling,  which  most  of  the 
time  are  fictitious,  but  which  could  count  for  the  influence 
of  the  curvature  of  the  surface  in  the  backscattering  pro¬ 
cess.  We  chose  the  second  option,  whivii  enjoins  us  to  find 
all  the  possible  wedges  existing  for  each  triangle,  or,  with 
other  words,  to  analyse  the  3  neighbouring  triangles. 

First  of  all,  one  should  analyse  carefully  whether  what 
is  found  really  is  a  wedge!  Indeed,  fig  15  shows  three  con- 
hgurations  that  could  satisfy  simple  wedge  detection  tests: 
double  reflection  (faces  2  and  3  ),  wedge  (faces  1  and  2  or  4 
and  6)  and  a  hybrid  case  (faces  3  and  5).  This  ambiguity  is 
treated  by  a  simple  comparison  of  the  orientation  of  the  nor¬ 
mals  of  the  planes  containing  the  triangles,  with  the  vectors 
connecting  the  two  centres  of  gravity  of  the  triangles.  To 
simplify  the  calculations,  we  will  first  project  these  vectors 
in  a  plane,  perpendicular  to  the  intersection  line  between  the 
two  planes  containing  the  triangles.  Doing  this,  one  gets  the 
three  cases  shown  in  fig  16.  Here  the  indicated  normals  are 
already  projected.  The  vector  from  cl  to  c2  will  be  called 
ci2,  and  the  vector  from  c2  to  cl  (not  drawn)  c5l  .  For  those 
configuration,  one  can  conclude  that 

•  if  nl.cl2  >  0  and  n2.e^l  >  0  then  one  has  a  double 
reflection  (fig  16a), 


•  if  nl.cl2  <  0  and  n2.c21  <  0  a  wedge  is  encountered 
(fig  16b), 

•  if  the  signs  of  nl.cl2  suid  n2.c21  are  different,  we  have 
a  hybrid  case  (fig  16c). 

By  this  way,  a  wedge  is  easily  detected. 


6.3  Determination  of  the  diffracted  fields 

If  we  are  sure  to  be  in  the  case  of  a  diffracting  wedge,  the 
values  of  the  exterior  angle  nx,  and  the  angles  ^  and  0o 
have  to  be  determined.  The  exterior  angle  is  easily  obtained 
from  the  angle  between  the  two  normals  to  the  triangles.  By 
projecting  the  incident  field  vector  on  a  plane  perpendicular 
to  the  edge  of  the  wedge,  one  can  determine  the  value  of 
^(=  d')-  Here,  a  choice  has  to  be  made  concerning  which 
triangle  will  represent  the  reference  plane  from  which  ^  and 
wUl  be  measured.  This  choice  is  arbitrary,  excepting  if  one 
of  the  triangles  is  normal  to  the  incident  field  vector  (  ^  = 
=  x/2,  reflection  boundary).  Finally,  0o  is  immediately 
known  and  equals  x/2  (because  we  are  in  a  monostatic  case). 
The  determination  of  those  variables  being  accomplished,  the 
coefficients  D,  and  Dk  can  be  determined. 

To  integrate  these  results  in  the  preceding  reflection 
conqiutations,  one  finally  has  to  relate  the  edge  fixed  coordi¬ 
nate  system  (  see  figure  13)  in  which  diffraction  calculations 
were  performed,  to  the  absolute  OXV Z  system.  This  will  be 
done  via  the  intermediate  coordinate  system  in  (en  ,  ij,  ,  n  ) 
which  is  bounded  to  the  normal  plane  of  incidence.  In  fact, 
the  following  relations  are  known: 

(Eix,Eiy)  ~  (F||,£i)  ~ 

~  -  (E,/,,,E,^)  ~  (^ii.Ei)  ~  (E^,E,y) 

with  Ejz  and  Ejy  the  components  of  the  diffracted  field  in 
OXy^.  The  relations 

=  s'  X  and  Po  —  s  x  ^  (8) 

S''*  -  -  -  -  - 

pg  =  —P'g  (with  s  =  —s'  and  ^  =  <!>')  (9) 

This  enables  us  to  find,  among  others,  the  following  relations: 


Using  (8),  (9),  (10),  (11)  and  their  derivatives  one  obtains; 


(  _ 1_  £2^ 

\  Edf  J  nl  +  nl  '  y/f  ' 

(  -Di,nl  -b  D.nJ  -(D*  -b  D,)nlnl 
■  V  -(!>*  +  D,)n\n]  D.n>  -  DsnJ 


which  gives  the  expression  of  the  diffracted  field  in  function  of 
the  incident  field,  both  expressed  in  the  OXV  Z  system,  and 
which  enables  an  immediate  deduction  of  the  Radar  Cross 
Section  Wis,  dued  to  the  two-dimensional  diffraction  field. 
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6.4  Results 

The  detection  of  the  wedges,  and  the  determination  of  the 
variables  ^  and  0o  were  performed  without  any  problem. 
However,  the  integration  of  the  diffraction  calculations  in 
the  reflection  computations  requires  supplementary  treat¬ 
ments  to  eliminate  certain  ambiguities  in  the  recognition  of 
the  wedges.  So  no  satisfactory  curves  were  obtained  at  the 
moment. 

7  Conclusions 

If  one  considers  an  object  with  a  general  shape.  Radar  Cross 
Section  determination  not  only  involves  the  classical  mathe¬ 
matical  treatments,  but  also  supplementary  geometrical  cal¬ 
culations.  The  Hidden  Faces  algorithm  is  relatively  time  con¬ 
suming,  and  consequently  has  to  be  optimised  . 

In  the  reflection  calculations,  the  application  of  the 
Hidden  Faces  program  and  the  detection  of  the  double  re¬ 
flection  centres  give  results,  which  are  in  good  agreement 
with  those  found  in  litterature.  The  influence  of  the  shape 
of  the  triangles  is  still  to  be  analysed. 

Concerning  diffraction  calculations,  supplementary 
geometrical  tests  are  to  be  developed,  and  vsork  is  done  on 
the  comparison  between  GTD  and  PTD. 

Finally,  the  detection  and  treatment  of  cavities,  and 
the  development  of  a  hybrid  approach  (to  integrate  the  MoM 
in  our  calculations)  is  foreseen  in  the  future. 

References 

[1]  Stratton  J.A.  ,  Etectromagnelic  Theory,  McGraw-Hill, 
New  York,  1941 

[2]  Jones  D.S.,  The  Theory  of  Etectromagneiism,  Pergamon 
Press,  London,  1964 

[3]  Foley  J  .D.  and  Van  Dam  A.,  Fundamentals  of  Inter¬ 
active  Computer  Graphics,  Addison- Wesley  Publishing 
Company,  fading,  Massachusetts,  1983. 

[4]  E.  Schweicher,  Les  Cibtes  Evasives  en  Teledetection 
Radar,  revue  HF(Belgium)  vol  13  no.  4  and  5,  1985. 

[5]  Knott  E.F.,  Radar  Cross  Section,  Artec  House,  Ded¬ 
ham,  MA,  1985 

[6]  Ruck  G.T.,  Barrick  D.E.  and  Stuart  W.D.,  Radar  Cross 
Section  Handbook,  Plenum  Press,  New  York,  1970 

[7]  Knott  E.F.,  A  Progression  of  High-Frequency  RCS  Pre¬ 
diction  Techniques,  proc.  of  IEEE,  vol  73  no  2,  pp  252- 
254,  1985 

[8]  Poggio  A.J.  and  Miller  E.K.,/nteyra/  Equation  Solutions 
of  Three-Dimensional  Scattering  Problems,chapt,et4  in 
Computer  Techniques  for  Electromagnetics,  Mittra  R., 
ed.,  Pergamon  Press,  New  York,  1973 

[9]  Ufimtsev  P.Ia.,  Approximate  Compulation  of  the 
Diffraction  of  Plane  Electromagnetic  Waves  at  Certain 
Metal  Bodies,  Soviet  Physics/Technical  Physics,  a  trans¬ 
lation  of  the  Zh.Techn.Fiz  (USSR)  vol  2  no  8,  ppl708- 
1718,  1957 

[10]  Stein  V.,  Physical  Optics  Method:  Prediction  of  Radar 
Signature,  AGARD  lectures  series  no  152  on  Theoretical 
aspects  of  target  classification,  1987 


[11]  Klement  D.,  Preissner  J.  and  Stein  V.,  Special  Problems 
in  Applying  the  Physical  Optics  Method  for  Backscatier 
Computations  of  Complicated  Objects,  IEEE  trans.  An¬ 
tennas  and  Propag.,  vol  AP-36,  no  2,  pp  228-237,  1977 

[12]  Sommerfeld  A.,  Lectures  on  Theoretical  Physics,  in  Op¬ 
tics,  vol  4,  Academic  Press,  New  York,  1964 

[13]  Kouyountjian  R.G.  and  Pathak  P.II.,  A  Geometrical 
Theory  of  Diffraction  for  an  Edge  in  a  Perfectly  Con¬ 
ducting  Surface,  proceedings  of  the  IEEE,  vol  62  no  11, 
pp  1448-1461,1974 

[14]  Balanis  C.A.  and  Griesser  T.,  RCS  Predictions  of  Mul¬ 
tiple  Flat-Plate  Targets  Using  GO-GTD(UTD)  and  PO- 
PTD  Techniques:  a  Review,  in  Radar  Cross  Sections  of 
Complex  Objects,  Stone  W.R.,  ed.,  IEEE  Press,  New 
York,  1990. 

[15]  Ross  R.A.  ,  Radar  Cross  Section  of  Rectangular  Flat 
Plates  as  a  Function  of  Aspect  aAngle,  IEEE  trans.  An¬ 
tennas  and  Propag.,  vol  AP-14,  no  3,  1966 

[16]  Youssef  N.H.,  Radar  Cross  Section  of  Complex  Objects, 
Proc.  IEEE  vol  77,  no.  5,  pp722-734,  1989 


14-9 


DISCUSSION 


G.  Neininger,  GE 

Is  the  90  - 100  dB  nP  RCS  value  really  tealistic? 

Author's  Reply 

After  discussion  with  Dr.  Stein,  we  agreed  that  although  the  general  shape  of  the  curve  is 
correct,  red  values  are  ±  20  dB  too  high.  Investigations  will  be  done  to  find  die  reason  of  this 
error.  (The  Y  axes  of  Fig  9  &  12  have  been  adapted  on  the  manuscript). 

G.  H.  Hagn,  US 

1.  Could  you  conunent  on  your  strategy  for  teducing  the  time  to  find  hidden  surfaces? 

2.  Have  you  considered  the  use  of  applied  artificial  intelligence  tools  for  this  type  of 
problem? 

Author's  Reply 

1 .  The  aim  is  to  include  intermediate  tests  to  avoid  as  much  as  possible  to  have  to  reach  the 
resolution  limit.  For  instance,  the  separating  edge  between  two  triangles,  you  still  have 
information  in  the  neighborhood  of  2  triangles,  so  purchasing  only  ONE  triangle  is  not  ideal. 

2.  We  did  thi^  of  this  approach  but  certainly  not  as  a  priority.  We  would  first  have  to 
study  the  subject,  to  determine  the  correct  approach  of  the  problem  of  Hidden  Faces  using  artificial 
intelligence,  and  this  is  not  foreseen  in  the  near  future. 

V.  Stein,  GE 

Is  your  hidden  surface  algtM-'hm  capable  of  treating  the  perspective  case? 

Author's  Reply 

Perspwtive  treatment  for  hidden  faces.  Because  we  consider  the  object  as  being  at  an 
infinite  distance  from  the  observer,  we  didn't  treat  the  perspective  approach  to  our  Hidden  Faces 
removal  algorithm.  This  could  be  done  however,  by  changing  the  quadrilateral  volume  containing 
the  target  into  a  pyramidal  one.  We  then  could  apply  our  parallel  method  to  the  deformed  target. 

P.  H.  Pathak,  US 

1.  You  mentioned  that  you  would  like  to  make  a  comparison  of  your  PTD-based  results 
with  the  conesponding  GTD  results  in  the  future.  What  do  you  hope  to  see  fiom  this  comparison? 

2.  How  do  you  propose  to  include  the  contribution  to  the  scattering  from  the  cavities 
present  in  your  model? 

Author's  Reply 

1.  We  started  working  with  GTD,  and  parallel  to  the  study  of  the  method,  we  treated  the 
problem  of  the  determination  of  the  angular  parameters  used  to  determine  the  diffraction 
coefficients.  With  time,  we  realized  that  PTD  (which  uses  the  same  parameters)  could  in  some 
cases  be  more  useful  to  us.  So  we  chose  to  purchase  a  parallel  treatment  of  GTD  and  PTD,  to 
validate  our  diffraction  calculations,  and  get  a  deeper  understanding  of  the  physical  interpretation  of 
each  method,  and  also  because  we  cannot  decide  at  this  state  of  our  knowledge  which  method  is 
"the  best"  one. 

2.  I  cannot  answer  this  question,  because  we  haven't  really  started  yet  with  the  treatment 
of  cavities.  That  is  why  it  is  mentioned  among  our  "future"  domains  of  interest. 
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Models  da  calcttl  da  SER  hauta  frdquanca 
basA  sur  das  fcacbnlquas  da  CAO  SESMAT 

0.  Goupil  C  M.  Boutilli«r/tAlSA-ISFENSE 
37  av,  L.  Br«gueC  -  78146  V61izy  -  FRANCE 


ABSTKACT 

We  have  specified  what  has  to  be  an  industrial  RCS  calculation  code,  it  must  be  able  to  exchange  data 
with  many  CAD  systems,  it  must  be  fast  and  have  powerful  graf^ic  tools. Physical  optic  and  equivalent 
currents  classical  technics  have  shown  their  efficiency  on  simple  objects,  since  long  time  ago. But 
difficult  geometric  problems  occur  when  objects  with  very  complex  shapes  have  to  be  computed. Only  a 
specific  geometric  code  can  solve  these  problems.  He  have  established  that,  once  these  problems  have 
been  solved  : 

1  -  P.O  and  E.C  give  good  results  on  complex  objects  with  big  sizes  compared  to  wavelength. 

2  -  The  implementation  of  these  methods  in  a  software  (SERMAT)  allows  fast  and  precise  enough  RCS 

calculation  to  meet  industrial  requirements  in  the  furtivity  domain. 


I  -  INTRODUCTION 

Lea  contraintea  de  furtivit6  aont  de  plus  en  plus  importantes  dan  la  conception 
dea  missiles. 

La  mise  au  point  d'une  forme  furtive  n6cesaite  de  comparer  de  nombreuses 
variantes,  ce  que  les  mesures  ne  permettent  pas  tou jours. 


Un  code  indust riel  doit  : 

A.  pouvoir  traiter  des  g6om6tries  complexes 

Les  formes  A  4tudier  deviennent  de  plus  en  plus  complexes  et  les 
representations  analytiques  sont  insuf fisantes 

B.  etre  interfagable  avec  divers  systemies  de  CAO 

II  est  n6cessaire  pour  le  service  furtivite  de  pouvoir  ^changer  des  formes 
avec  les  bureaux  d'etudes,  et  tous  les  services  intervenant  dans  1 'elaboration 
des  formes. 

C.  etre  rapide 

La  SER  sous  de  tres  nombreux  angles  d'incidence  de  I'onde  doit  etre  calcuiee 
pour  verifier  la  conformite  A  une  specification 

Les  calculs  doivent  etre  rapides  pour  mener  une  etude  complete  dans  un  deiai 
raisonnable  et  pour  un  coQt  non  prohibitif. 

D.  disposer  d'outils  graphiques  pour  analyser  les  resultats. 

La  masse  importante  des  resultats  A  interpreter  necessite  I'emploi  d'outils 
graphiques  appropries  pour  bien  percevoir  le  phenomene  physique. 

E.  etre  facile  A  mettre  en  oeuvre 

il  doit  etre  utilisable  par  des  physiciens  non-specialistes  en  informatique  et 
en  CAO. 

Pour  repondre  A  ce  besoin,  MATRA-oefense  a  developpe  les  logiciels 

-  INFOVISION  ;  CAO  orientee  furtivit6 

-  SERMAT  :  application  au  calcul  de  SER 
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11  -  L'OOTIL  CAP  ;  INFOVISIOH 


Nous  n'avons  i>as  utilise  un  des  systeaes  de  CAO  existants  car  ils 
sont  en  general  aal  adaptes  au  calcul  de  SER,  en  effet: 

-  la  cichesse  de  leurs  potentialites  entraine  une  structure 
tres  lourde  qui  peroet  rareaent  d'obtenir  des  temps  de  calcul 
rapides  sur  une  application  delicate  conme  le  calcul  de  SER 

-  ils  ne  disposent  pas  de  certains  outils  indispensables  au 
calcul  de  SER 

Le  logiciel  INFOVISIOH  utilise  les  techniques  geonetriques  de  la 
CAO,  nais  il  est  oriente  pour  traiter  les  problenes  de  furtivite 
( elect romagnetique  et  infra-rouge). 

II  coiqirend  3  bibliotheques  fortran  (a,b,c)  et  un  interactif  (d) 

a.  Modeleur 

peraet  de  construire  des  for^s,  mais  aussi  d'en  recuperer 
d'autres  provenant  de  divers  systemes  de  CAO. 

Les  formes  sont  decrites  par  des  surfaces  polyedriques 
(les  formes  decrites  a  I'aide  de  surfaces  biparametriques 
sont  prealablement  facettisees) . 

b.  Calculs 

calcul  des  Informations  geonetriques  necessaires  aux  calculs 
de  furtivit4:  contours  apparents,  frontieres  ombre-luniere, 
normales,  aires,  etc... 

c.  Visualisation 

sorties  graphiques  possibles  (avec  elimination  des  parties  cachees) 
.  dessin  au  trait 
.  ombrage  "realiste" 

.  remplissage  de  zones  avec  des  couleurs  representant 
une  grandeur  physique. 

d.  Interactif 

utilisation  de  certaines  fonctions  des  bibliotheques  avec  des 
facilites  interactives  (reperage  graphique,  zoom,  habillage,etc. . . ) 


Principales  caract^ristiques  d* INFOVISIOH: 

-  Portability 

car  il  est  icrit  en  fortran  nornalis4,  seules  quelques  fonctions 
d'affichage  sont  dipendantes  de  la  machine  (et  I'utilisation  de 
standards  graphiques  comme  PBIGS  ou  GKS  les  rend  peu  dependantes) 

-  Interface  facile  avec  les  autres  systemes  de  CAO 

sur  I'exemple  de  la  figure  1,  I'avant  a  ete  nod4lise  avec  CATIA, 
le  centre  avec  le  modeleur  volumique  d’EDCLID,  I'arriere  avec  le 
modeleur  surfacique  DNISORF.  L'arriere  a  4t4  nodifi4  par  INFOVISIOH. 
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Propriet6s  non-g^ometriques  dans  la  structure  de  donnees 

elles  peraettent,  par  exemple,  de  model iser  les  mater iaux 


Detection  automat ique  des  aretes 

permet  de  creer  dans  la  structure  de  donnees  des  aretes  tel les 
que  cel les  de  la  figure  2 


Rapid ite 

pour  la  figure  1  (6254  facettes  et  7604  points),  0.87s  CPU  sur 
IBM  9121/320  (2.8s  sur  SUM  Sparcstation  2) 


Contours  apparents 

dans  les  systemes  de  CAO,  I’elimination  des  parties  cachees  n'est 
utilisee  que  pour  visualiser  les  formes  creees  par  le  modeleur. 

Les  algorithaes  utilises  en  CAO  peuvent  se  repartir  en  3  categories 

.  priorite 

affiche  les  facettes  par  ordre  d'eloignement ,  de  la  plus  eloignee 
de  1 ‘observateur  a  la  plus  proche.  L'effet  obtenu  est  uniquement 
visuel  et  aucune  information  ne  peut  etre  recuperee  pour  des  calculs 

.  resolution  d'ecran 

calcule  les  images  pixel  par  pixel,  ce  qui  est  tres  long  en  CPU 
et  peu  precis  pour  le  calcul  de  SER. 

.  lignes  vues 

on  obtlent  les  coordonnees  des  traits  vus  de  chaque  facette 
(figure  3.b  pour  I'exemple  de  la  figure  3. a)  mais  aucune  donnee 
sur  ce  qui  se  passe  entre  ces  traits. 


INFOVISION  permet  de  calculer  le  contour  apparent  de  chaque 
facette  (figure  3.c) 

La  figure  4  montre  des  exemples  de  contours  apparents  sur  un 
cas  de  calcul  r4el. 


exeaple:  avant  pro jet  de  aissile  stand-off 


figure  1 


figure  2 


i 


detection 
d* aretes 


figure  3. a 


la  facet te  la  plus  grande 
est  la  facette  cachee 

les  9  autres  facettes 
sont  les  facettes  cachantes 


figure  3.b 
traits  vus 


figure  3.c 


contours  apparents 
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III  -  fOOTIL  SER 
1  -  PRINCIPE 


SEBMAT  s'appuie  sur  trois  outils  de  base: 

-  INFOVISION  pcecedeaunent  deer it,  pour  la  representation 

des  objets  et  tous  les  calculs  de  nature  geoaetrique.  Le  nonbre  de 
Eacettes  decrivant  chaque  partie  de  la  cible  depend  lineairement  de  la 
longueur  d'onde  de  travail  et  des  rayons  de  courbure  locaux  sur  I'objet. 

-  I'OPTIQOE  PHYSIQUE  que  l*on  applique  aux  Eacettes. 

-  les  COORANTS  EQUIVALENTS  que  I'on  applique  aux  aretes  detectees  par 
INFOVISION. 


2  -  CARACTEHISTIQUES  PRINCIPALES 


A  son  point  de  developpement  actuel,  SERMAT  est  valide  et  est 
utilise  de  Eagon  industrielle  pour  calculer  des  SER  monostatiques 
sur  des  cibles  metalliques  de  dimensions  grandes  devant  la  longueur 
d ' onde . 

SERMAT  pcend  en  compte: 

-  les  reElexions  simples. 

-  les  reElexions  multiples  dans  les  cas  simples  de  deux 
plaques  planes  rectangulaires  joint ives. 

-  les  diEEractions  d'aretes  rectilignes  ou  curvilignes. 


3  -  SORTIES  GRAPHIQUES 


Les  grandeurs  stockees  par  SERMAT  sont,  dans  une  mime  passe 
de  calcul: 

-  les  SER  directes  (  HH,  W  )  et  croisee,  en  amplitude 
et  en  phase. 

-  les  modules  des  champs  elect romagnetiques,  total 
et  en  projection  sur  les  trois  axes  radar. 

Ceci  etant  Eait  a  chaque  Eriquence  de  calcul,  on  peut  ainsi  tracer 
les  courbes  habituelles: 

G  =  E( angle)  a  une  Erequence  donnee 
G  =  E( Erequence)  i  un  angle  donne 
G  pouvant  etre  une  SER,  une  phase  ou  un  module. 

Optionnellement,  on  peut  igalement  isoler  les  contributions  par 
type  de  phenomene  physique  (  riElexions  simples,  riElexions  multiples, 
diEEractions  )  et  tracer  les  mimes  courbes  que  ci-dessus  pour 
ces  diEEerentes  contributions. 
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One  potentialite  extremement  interessante  du  logiciel  est  de  pouvoir 
calculer  la  SER  sur  une  partie  seuleaent  de  I'objet,  tout  en  tenant 
coapte  des  aasquages  induits  par  Le  reste  de  I'objet. 

On  peut  ainsi  descendre  jusqu'au  niveau  ultime  d'un  contributeur 
eleaentaire  (  facette,  arete  ).  Ce  type  de  calcul  peraet  la 
representation,  directeaent  sur  la  cible,  en  3  dimensions,  de  la 
SER  de  tous  les  contr ibuteurs  par  une  couleur  fonction  de  leurs  niveaux 
respectifs  (  on  represente  en  fait  une  densite  de  SER  ) ,  ce  qui  donne 
la  localisation  des  points  brillants  sur  la  cible.  Ceci  constitue  une 
aide  precieuse  a  1  *  interpretation  des  resultats  de  calcul  et  de  aesure. 


4  -  VALIDATIONS 


*  SERMAT  a  ete  valide  par  coaparaison  avec  des  resultats  sur  des 
foraes  canoniques,  obtenus  par  des  formulations  analytiques  exactes. 

*  II  a  egaleaent  ete  valide  sur  des  formes  simples  mais  non  canoniques, 
par  comparaison  avec  des  resultats  obtenus  par  des  methodes  dites 
"exactes",  par  exemple  une  methode  de  moments  sur  un  cylindre  dont  la 
section  est  celle  d'une  goutte  d'eau  (  figures  5,  6. a  et  6.b  ).  Ces 
resultats  ont  ete  publics  dans  la  reference  (1). 

— >  temps  CPU;  5  s  CPU  sur  IBM  9121/320,  soit  0.028  s  CPU  par 
direction  d* incidence. 

*  Pour  les  besoins  des  programmes  en  developpement  a  MATRA,  on 
correle  egaleaent  les  resultats  du  code  sur  des  cibles  de  formes 
gmaetriques  complexes  qui  font  par  ailleurs  I’objet  de  mesures.  Par 
exemple  sur  la  cible  de  la  figure  1,  on  retrouve  correcteaent  les 
niveaux  aesures  (  figures  7. a  et  7.b  ). 

— ->  temps  CPU:  29  mn  CPU  sur  IBM  9121/320,  soit  1.3  s  CPU  par 
direction  d' incidence. 

Remarque  :  pour  les  temps  calcul  indiques  ci-dessus,  on  obtient 
les  10  grandeurs  citees  precedemaent,  a  savoir  3  polarisations 
en  aaplitude-phase  et  4  modules. 

Remarque  :  le  decalage  angulaire  et  l'4cart  de  niveau  observes  entre 
les  calculs  et  les  aesures  sur  le  deuxieae  specula  ire  sont 
dus  au  aoyen  de  aesure  disponible  lors  de  1* etude  de 
1 'avant-projet  ci-dessus,  et  sont  parfaiteaent  explicables 
quant i tat iveaent  en  appliquant  une  correction  de  chaap  proche 
sur  la  position  et  le  niveau  fournis  par  les  aesures.  Les 
aesures  r^alisees  a  I'heure  actuelle  sur  des  foraes 
confident ielles  aontrent  un  tres  bon  accord  avec  les 
calculs,  aoyennant  cette  correction. 


On  dispose  egaleaent  de  representations  graphiques  couleur 
peraettant  de  representer  sur  un  seul  dessin  la  SER  d'une  cible 
en  fonction  du  site  et  du  giseaent.  On  peut  ainsi  comparer 
plusieurs  foraes  de  fagon  rapide  et  simple. 
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5  -  CONCLUSION 


Les  techniques  tres  class iques  de  I'OPTIQOE  PHYSIQUE  et  des 
COURANTS  BQUIVALENTS  ont  nontre,  depuis  longtemps,  leur  efficacite 
sur  des  objets  simples.  Hals  1 'application  a  des  objets  de  formes 
tres  complexes  se  heurte  a  des  problemes  difficiles  de  traitement 
geometrique. 

Nous  avons  montre  que: 

-  1 'utilisation  d'un  logiciel  de  geometi  le  specifique  permet  de 
resoudre  ces  problemes. 

-  grace  a  ces  techniques  geometriques  specifiques,  1 'applicat Ion 
de  I'OPTIQOE  PHYSIQUE  et  des  COURANTS  EQUIVALENTS  donne  de  bons 
resultats  sur  des  objets  complexes  et  de  dimensions  grandes  devant 
la  longueur  d'onde. 

-  la  mise  en  oeuvre  de  I'ensemble  de  ces  methodes  dans  un  logiciel 
(  SERMAT  )  permet  de  realiser  de  fagon  conviviale  des  calculs 
suffisamment  precis  et  rapides  pour  repondre  a  des  besoins 
industriels  en  matiere  de  furtivite. 

La  conception  du  code  SERMAT  est  modulaire,  pour  permettre 
aisement  des  adaptations  et  des  evolutions  en  fonction  des  besoins. 

-  materiaux:  en  cours  de  validation.  Les  materiaux  pourront 
etre  multicouches  mais  devront  etre  homogenes  et  isotropes. 

-  remplacement  des  facettes  planes  par  des  facet tes  courbes  en 
cours  de  validation. 

-  reflexions  multiples  dans  le  cas  general:  des  preetudes 
sont  en  cours. 

-  ondes  de  surface:  des  preetudes  sont  en  cours. 

nota:  IHFOVISION  delivre  toutes  les  i'^formations  geometriques 
necessaircs  pour  permettre  ces  evolutions. 

Le  code  SERMAT  est  utilise  de  fagon  intensive  a  MATRA.  A  titre 
d'exempler  le  nombre  d'angles  d' incidence  calc  les  en  MARS  91  pour 
des  besoins  internes  est  d'environ  650.000,  uniquement  sur  des 
formes  comparables  en  complex ite  a  celle  de  la  figure  1. 

Si  on  compte  egalement  tous  les  autres  calculs  annexes  sur  des  objets 
plus  simples,  on  arrive  a  un  nombre  de  I'ordre  du  million  et 
demi  d'angles  d' incidence  ). 


REFERENCES 


(1)  PATHAK  et  LIANG:  '  On  a  Uniform  Asymptotic  Solution  Valid 

Across  Smooth  Caustics  of  Rays  Reflected  by  Smoothly  Indented 
Boundaries  ':  IEEE  Transactions  on  Antennas  and  Propagation; 
Volume  AP  38  H*  8;  p  1192  a  1203,  Aout  90. 


ECHO  WIDTH  (DBM) 


15-10 


d(ANGLE  IN  DEGREES) 


figure  6. a  :  REFERENCE  (  3  ;Hz,  polarisation  HH  ) 


figure  6.b  :  SERMAT  (  3  GHz,  polarisation  BH  ) 
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Abstract 

Increasing  interest  in  RCS  (Radar  Cross  Section)  reduction  is  placing  new  demands  on  theoretical,  computational  and  graphic 
techniques  for  calculating  scattering  properties  of  complex  targets.  In  particular,  computer  codes  capable  of  predicting  the 
RCS  of  an  entire  aircraft  at  high  frequency  and  of  achieving  RCS  control  with  modest  structural  changes,  are  becoming  of 
paramount  importance  in  health  design. 

In  this  paper,  a  computer  code,  evaluating  the  RCS  of  arbitrarily  shaped  metallic  objects  CAD  generated,  and  its  ''alidalion 
with  measurements  carried  out  using  ALENIA  RCS  test  facilities,  are  presented. 

The  code,  based  on  the  Physical  Optics  method  is  characterized  by  an  efficient  integration  algorithm  with  error  control,  in 
order  to  contain  the  computer  time  within  acceptable  limits,  and  by  an  accurate  parametric  representation  of  the  target  surface 
in  terms  of  bicubic  splines. 

Keywcfds 

RCS,  High  frequency  techniques,  Physical  Optics,  CAD  models,  RCS  reduction. 


Fig.  1.1:  Electromagnetic  model  for  RCS  evaluation  in  COBRA  computer  code. 

1.  Introduction 

An  existing  need  in  the  Radar  Cross  Section  (RCS)  community  concerns  computer  codes  capable  of  predicting 
the  RCS  for  an  entire  aircraft  at  high  frequency. 

A  first  important  problem  in  RCS  computer  programs  is  the  representation  on  a  two  dimensional  graphics 
screen  of  illuminated  three  dimensional  scenes  which  may  contain  many  solid  objects  and  surfaces.  In  pro¬ 
ducing  such  images,  the  effects,  which  must  be  taken  into  account,  include  the  obscuration  of  objects  by  other 
objects  closer  to  the  viewer,  and  the  effects  of  different  surface  geometric  properties  on  the  scattered  waves. 
Besides,  a  very  good  algorithm  of  surface  description  needs  to  be  developed.  Then,  in  order  to  compute  the 
scattered  field  from  metallic  bodies  that  are  laige  with  respect  to  the  wavelenght,  two  approaches  are  widely 
used;  ray  techniques  and  Physical  Optics.  With  the  former,  the  search  of  reflection  points  can  be  ex  tremely 
time  consuming  in  the  case  of  complicated  surfaces  specified  with  set  of  data  points:  moreover,  the  existance 
of  caustic  directions  limits  the  applicability  of  the  method.  Physical  Optics  is  not  affected  by  the  singularities 
of  ray  techniques  but  high  efficiency  integration  algorithms  are  required  to  mantain  the  computer  time  within 
acceptable  limits. 

The  computer  cod?  COBRAfComplex  Object  Backscattering  Response  Analysis  )  based  on  the  Physical  Optics 
method,  characterized  by  an  efficient  integration  scheme  with  error  control  and  by  an  accurate  parametric 
representation  of  the  tar^  surface  in  terms  of  bicubic  splines,  is  presented. 

2.  Target  geometrical  description 

In  Radar  CroM  Section  (RCS)  prediction  programs  it  is  often  required  to  extract  numerical  informations  about 
the  complex  structure  general  from  a  3D  CAD  system,  in  order  to  create  models  adapt  to  electromagnetic 
processiP"  For  this  reason,  the  selection  of  a  valid  target  geometrical  description  is  extremely  important. 
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In  the  past  (1)  flat  plate  modelling  was  used.  The  disadvantage  of  this  method  is  that  the  flat  plates  are  to  be 
very  small  in  terms  of  wavelenght  in  order  to  obtain  the  correct  value  of  the  RCS  of  a  smooth  object  and,  this, 
requires  a  huge  data  base. 

The  actual  efficiency  of  each  numerical  technique  of  target  representation  can  be  evaluated  on  the  basis  of  the 
following  considerations; 

•  Input  data  structure  have  to  be  compatible  with  data  base  coming  from  CAD  systems  already  used  in 
aeronautical  and  mechanical  environment; 

•  The  bodies  have  to  be  represented  by  simple  ,  slim,  non  redundant,  optimized  and  accurate  descriptions: 
irregular  and  strange  shapes  shall  be  easily  described; 

•  Full  editing  functions  and  quick  visualization  of  the  geometry  and  related  modifications  have  to  be  integrated 
in  the  code; 

•  Data  base  shall  immediately  supply  all  informations,  such  as  vector  rays  or  surface  normals,  necessary  for 
electromagnetic  analysis. 

Keeping  into  account  these  points,  it  was  decided  to  use  a  'more  economic”  approach  based  on  a  parametric 
bicubic  spline  electromagnetic  representation  of  the  target  surface,  which  is  better  suited  to  a  smooth  object. 

a.  CAD  Data  Acquisition 

Bicubic  splines  guarantee  continuity  which  may  be  convenient  for  some  part  of  the  body,  but  not  for  the 
whole  body.  In  fact,  a  complex  target,  such  as  an  aircraft,  can  be  generally  considered  to  be  a  collection 
of  smooth  intersecting  parts:  fuselage,  wings, cockpit,  etc. 

It  is  assumed  that  several  sections  of  each  object,  orthogonal  to  a  common  axis  are  known.  This  information 
can  be  generated  by  means  of  a  solid  modeller,  which  generally  provides  the  geometric  model  of  the 
elements;  in  this  work  the  solid  modeller  CATIA  (Computer  graphics  Aided  Three  dimensional  Interactive 
Applications  )  of  Dassault  Systemes  copyright,  has  been  used  [2].  Geometric  CAD  elements  can  be  defined 
througnt  an  exact  definition  respect  a  certain  number  of  constraints;  mathematically  may  have  a  canonical 
form,  i.e.  the  elements  are  defined  by  their  basic  geometric  characteristics,  or  a  polynomial  form,  in  which 
the  elements  are  defined  in  a  precise  and  unique  manner. 

There  are  two  steps  in  the  geometric  design  of  an  object; 

1.  At  first,  a  mainframe  design  using  points,  lines  and  simple,  calculated  or  interpolated  curves,  shall  be 
developed; 

2.  then,  the  surface,  conceived  as  an  extension  of  the  wireframe  geometry  in  which  the  surfaces  and  faces 
are  supported  by  wireframe  object,  shall  be  modelled. 

The  CAD  generated  surfaces  can  be: 

•  simple  surfaces  such  as  sphere,  cylinders,  cones  and  tori; 

•  interpolated  surfaces; 

•  evolutive  surfaces; 

•  net  and  patch; 

•  Bezier  surfaces. 

This  CAD  target  geometrical  description,  is  represented  in  fig.  2.1. 

Once  the  geometric  modelling  of  the  object,  of  which  we  want  to  predict  the  RCS,  is  completed,  it  is 
necessary  a  careful  sectioning,  dependent  on  model  characteristics,  in  order  to  obtain  data  ready  to  be 
processed  from  an  electromagnetic  point  of  view. 

The  curves,  constituted  by  several  arcs  and  obtained  from  the  intersection  of  the  surface  model  with  parallel 
planes  along  a  chosen  axis,  are  stored  in  CATIA  layers,  that  can  be  considered  as  sheets  of  tracing  paper 
on  which  elements  featuring  common  characteristics  are  grouped;  an  example  of  this  sectioning  technique 
is  shown  in  fig  2.2  . 

An  interface  computer  code  reads  the  mathematical  block  associated  at  every  curve  in  a  layer  and  generates 
a  data  point  file  fully  compatible  with  electromagnetic  program.  These  steps  are  reported  in  fig.  2.3  . 


Fig.  2.1:  CAD  model  geometrical  construction. 
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b.  Surface  Paramelrization  °f  complex  bodies. 

At  this  point,  a  surface  with  continuous  curvature  radius,  passing  by  the  assigned  ordered  points  coming 
from  the  modeller,  has  been  obtained  by  means  of  a  bidimensional  bicubic  spline  interpolation  technique. 

Once  the  z-coordinate  is  known  with  respect  to  a  local  reference  axis  system,  chosen  in  a  convenient  way 
for  the  test  body,  the  section  is  assigned  specifying  x,y  coordinates  of  a  certain  number  of  points  called 
nodes.  Beginning  from  cartesian  coordinates  in  the  local  reference  system  S^,  of  the  nodes  constituting  the 
sections,  a  parametric  representation  of  the  surface  is  given,  introducing  normalized  incremental  chordal 
coordinates,  along  each  section  (s)  and  across  the  sections  (t): 

*  =  *(*.»)  V  =  »(»,«)  *  =  »(»,<)  |2.1| 


So,  the  generic  surface  is  described  through  an  ordered  set  of  vector  rays  P( ,  ty  ),  where  (  s„  t,  )  defines 
the  parametric  coordinates  of  the  node  with  connection  numbers  i,j.  Each  object  surface  is  mapped  one 
to  one  on  the  unit  square  of  the  s,t  parametric  plane;  the  points  Sj,  ty  form  a  cartesian  regular  lattice  that 
subdivide  the  fundamental  square  T.[0,0;1,1)  in  a  certain  number  of  rectangles  called  'Patch  SpUne*. 

A  bicubic  spline  interpolator,  forcing  continuity  of  the  functions  with  respect  to  s,l  parameters,  re¬ 
constructs  the  surface.  The  number  and  dimension  of  patch  spline  are  correlated  with  the  geometry  of 
the  target  itself;  in  fact,  while  the  position  of  the  points  on  each  curve,  obtained  from  CAD  sectioning, 
is  dependant  on  the  characteristics  of  the  curve  itself,  the  number  of  points  increases  in  high  curvature 
regions  whei  are  present  some  tips  or  wedges.  An  algorithm,  distributing  an  assigned  number  of  nodes 
(N)  along  a  curve  P(u)  and  condensing  points  near  high  curvature  zones,  has  been  implemented  in  these 
steps: 

•  At  first,  a  metric  monotonic  growing  function  G(u)  is  defined: 


where  k  is  a  weight  factor; 

•  then,  the  curvilinear  abscissa  normalized  value  of  every  node  is  defined  from  [2.2); 

•  at  last,  curvilinear,  curvature  based,  abscissas  of  all  nodes  u,  are  defined  : 


with 


(■  -  1) 
(/V-I) 


|2.3| 


1<I<1V  . 

It  may  be  noted  that  the  metric  function  G(u)  depends  from  the  curvature  of  the  curve  by  means  the  second 
derivative  terms  in  integral  expression  [2.2]. 
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c.  Spline  Interpolation 

For  (s,t)eT,  interpolation  algorithm  evaluates  cartesian  coordinates  of  the  point  P(s,t)  and  partial  derivative 

^  ^  ^ 

dt'  3t  '  '  3«3t 

The  coefficients  of  the  interpolation  are  computed,  at  first,  with  a  very  heavy  computer  time  waste;  then 
in  a  second  phase  the  desired  values  for  every  assigned  pair  (s,t)  are  obtained  :  this  computation  is  not 
time  consuming  if  the  coefficients  are  known.  Spline  coefficients  are  calculated  by  imposing  either  the 
continuity  of  the  function  and  of  his  derivative  until  the  second  order  in  all  internal  nodes  and  adapt 
boundary  conditions  on  extremal  nodes.  In  fig.  2.4  the  three  dimensional  representation  of  two  spheroids 
and  their  mapping  in  s,t  parametric  plane,  are  shown.  Using  appropriate  boundary  conditions  in  the 
spline  interpolation,  it  is  also  possible  to  describe  also  geometric  singularities,  as  tips  on  longitudinal  axis 
and  wedge  on  the  coordinate  curve  s-0.  Obviously,  in  this  case,  attention  must  be  paid  to  define  as  first 
point  of  the  cross  sections  the  ones  of  the  wedge;  more  complex  singularities  can  be  handled  dividing  the 
primitive  surface  in  simple  surfaces  and  making  interpolation  separately  on  these. 

Bicubic  spiine  are  defined  as  tensoriai  product  of  unidimensionai  cubic  spline  in  the  s  and  in  the  t  variables. 


hg.  2.4:  s.t  parametric  mapping  of  two  interseding  spheres. 

A  unidimensional  cubic  spline  interpolation  or  s  parametric  coordinates  in  the  points  ( f  i  = 
for  every  value  of  ty  0  =  .  is  performed  and,  from  these  St  unidimensional  splines,  the  values  of 

^  in  all  nodes  (y  can  be  obtained. 

■ftien  an  interpolation  in  t  variable  on  the  points  (  (,,/■(», ,ty);  j=  i,...St  )  for  everyone  of  the  values  of 
(i  =  l,  ...St  )  is  performed. 

^  can  be  computed  in  all  nodes  from  these  Ns  unidimensional  splines.  This  process  can  be  iterated, 
interpolating  in  s  the  function  ^  i.e.  on  the  points  (  i=  l,...S,  )  for  every  of  the  values  of 

^  (j  =  1,  ...JV().  In  this  manner  the  value  of  is  evaluated  in  ail  nodes  and  all  coefficients  are  known. 
The  generic  function  F(s,t)  could  identify  x,y  or  z,  being  independently  quantities.  For  a  generic  point  of 
the  surfaces,  either  the  vector  ray  P(s,t)  and  the  fundamental  vector  product  can  be  obtained;  the 

absol  ite  value  of  this  vector,  times  ds  dt,  is  the  elementary  surface  area  and  its  direction  is  the  normal  to 
surface  itself. 


d.  Simple  Surfaces  Composition 

Once  elementary  surfaces  are  generated,  the  global  description  of  the  whole  body,  specifying  the  position 
and  the  orientation  of  different  local  reference  systems  (S  i)  in  which  the  elementar  surfaces  are  described, 
shall  be  obtained.  By  means  of  a  rototranslation  in  laboratory  system  (  Sq),  the  position  and  orientation  of 
simple  surfaces  are  detected.  While  the  referc  nee  system  is  fixed,  all  vectors  of  the  space  are  transformed; 
this  particular  geometric  transformation  is  called  active  transformation. 

The  translation  of  the  local  systemfS  j,)  is  specified  through  the  spherical  coordinates  Koi.^Oi.^Ov 
origin  with  respect  to  Sg.  Three  angles  are  used;  while  the  angles  >,4  identify  a  rigid  translation  that 
connected  the  polar  axis  of  the  local  reference  ^tem  in  the  direction  specified  from  those  angles,  angle  it 
define  a  further  rotation  around  polar  axis  S^,  in  the  anticlockwise  verse.  If  R(a,n)  is  the  rotation  operator 
that  performs  an  angle  a  rotation  around  the  direction  of  n,  the  previous  transformation  can  be  expressed 
as: 


pQ  =  IZ'*! 

or 

Pg  =  |2.5| 

where  is  a  generic  point  of  the  body  before  of  the  rotation  and  Pg  is  the  same  point  after  the  .  otation. 
It  may  be  shown  that  these  two  ways  of  describing  the  full  rotation  are  equivalent. [3] 

The  operator  R(a,n)  shall  be  found.  From  mechanics,  the  istantaneous  velocity  «  of  a  generic  point  of  the 
body,  characterized  from  the  vector  r,  is  given  from  the  relation;  v  =  wxr  i.e. 

^  =  Jxf  =  «ix/  r  |2,6l 

where  /  is  the  identity  dyadic.  Solving  with  the  position  w  =  uR  and  a  =  u)(t  -  (g)  : 
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r(a)  =  «xp  |(nx/)a|  r(tQ)  \2.1\ 

Developing  the  exponential  in  Taylor  series; 


and  being 


„p,(Sx;w=  t  l^-ol 

m! 

m^O 


(nx/)^  =  (nxi)  (nxl)  =  nn-  1= 

(nx/)3  =  (nxl)  (-It.n)  =  -(“i) 

(nxl)*  =  (nx/)2  (Rx/)2  =  (-/(  „)  (-/<_„)  =  /j_„ 

(nx/)®  =  (nx/) 


where  is  the  trasversal  identity  dyadic  with  respect  n,then 

“  _jj2n  +  1^2n+l 


«p  |(nx/).|  =  /  +  (nxl)  E  +  /<,„  E 


=  1  +  (nxl)  tin  a  +  i<  „(co8c>  -  1)  =  nfi  -H  (nx/)sina  -I- /<  „co8q  |2.9| 
is  obtained.  Rotation  operator  can  be  expressed  as: 

=  ‘xp  |(rx/)Vi|  |2. 10] 

=  e*p|(S*/)V’l  |2.11| 

»(»,^)  =  exp  [(^x/)«j  |2.12| 

These  operator  can  be  written  in  Cartesian  fixed  base  Sq;  infact  being 


and  then 


nn  * 


Lt.n-  l-nn 


rU/  • 


^  s  —  sin  +  cos 

tin  ^  -  sm  ^  cos  ^  0 

-sin^cos^  cos^^  0 

0  0  0 

cos^  ^  sin  ^  cos  ^  0 
tin  cos  ^  sin^^  0 

0  0  1 


12.131 

12.14] 


0  0  cos  ^ 

0  0  sin  ^ 

—  cos  ^  ->  sin  ^  0 


|2.15| 


In  conclusion,  applying  (2.9]  we  have: 

»(«>)  = 


co6^  ^  co»  S  +  ein^  ^  Biii^cos^(cosf  -  1)  sin  S  cos  ^ 
sin  ^  cos  ^(cos  S  —  1)  sin^  ^  cos  0  -t  cos^  ^  sin  S  sin  ^ 


—  sin  ff  sin  ^ 


costf 


|2.16| 


Now  shall  be  calcolated; 


/in  =  I  -nn 


0  0  0 
0  0  0 
0  0  1 

1  0  0 
0  1  0 
0  0  0 


|2.17| 

|2.18| 


and 


at  last: 


(nx/)  =  i  X  (ii  yy  +  sx)  =  yi  -  ly  (2.19) 
0  -1  O' 

nx/<=»  10  0  |2.20| 

0  0  0 


cos  y>  -  sin  ^  0 

sin  ^  CO*  ^  0 

0  0  1 


|2.2l| 


where  £(#.£)  is  the  array  in  cartesian  basis  Slj  corresponding  to  the  operator 
Then  from  (2.5J  we  t'^tain  the  result: 


£b  =  «(».?)  )Eu  =  REu  1*  22| 


where 


5  = 


cot  ^  cos  0  cos  6  +  sin  ^  sin  5 
cos  $  cos  6  sin  ^  -  sin  ^  cos  ^ 
—  sin  9  cos  ^ 


sin  6  cos  ^  cos  ^  —  sin  ^  cos  6 
sin  5  sin  ^  co%  6  +  cos  ^  cos  6 
—  sin  ^  sin  6 


sin  6  cos  ^ 
sin  6  sin  ^ 
cos  $ 


|2.23| 


with  6  =  [2.24|.  This  is  the  result. 

It  may  be  demonstred  that  the  same  array  can  be  obtained  performing  at  first  the  rotation  around  $  and 
then  around  r.  At  this  point,  the  rototranslation  connected  to  the  surface  j  has  been  defined: 


Pti  =  Rj  Pij  +  Uj  |2-25| 

where  Rj  is  defined  from  [2.23]  and  the  translation  vector  T^y  is  : 

BoyCM^y.inSoy] 

T=  So,  •“>  ^0>  [2.26], 

Soy  coa  $Qj 

It  is  interesting  to  note  that  this  transformation  can  be  performed  directly  on  the  coefficients  -'f  spline 
interpolation,  operating  on  vector  from  local  to  laboratory  reference  system  by  means  of  multiplication  of 
rotation  arrays: 

Ro  =  R]  RL)  +  Tl] 

=  B 

a.  a. 

ago  ^e-Li 

at  at 


a^Eo 

dsdt 


=  R 


a^p, 


>  dsdt 


|2.27a| 

l2.27b| 

|2.27cl 

I2.27dl 


Surfaces  Intersection 


In  order  to  calculate  the  Radar  Cross  Section  it  is  not  necessary  to  evaluate  the  curve  obtained  from  the 
intersection  of  two  surfaces,  but  rather  the  light  zone  of  the  surfaces.  This  calculation  may  be  performed, 
subdividing  spline  patches  in  geometrical  patches  and  approximating  the  surface  in  these  elements  with 
bilinear  expression.  In  this  manner,  the  problem  can  be  reduced  to  the  determination  of  the  intersection 
between  different  sides  of  a  geometrical  patch  with  a  bilinear  surface. 

A  bilinear  surface,  defined  on  a  recfan^e  on  s,t  plane  which  geometrical  image  vertex  are  the  points 
P\.Pl,P-i,P\  in  the  anticlockwise  verse  with  respect  to  the  output  normal,  can  be  represented  as: 

g(».t)  =  £]  +  (£4  ~  gi)»  +  (g2  -  giO  +  (gi  -  g2  +  g3  -  g4) 

The  segment  connecting  two  points  PA  and  PB  is  described  as: 

£(«)  =  £d  +  (££-£d)u  0<«<i 

The  following  equation  has  to  be  solved: 

£(»■<)  =  £(«)  0<«,t,u<l 


K<7  +  PS  »  +  VT  I  +  VW  ft  +  VUu  =0  |2.28| 

This  is  a  non  linear  system  in  three  unknowns  s,t,u  that  can  be  solved  by  introducing  a  new  variable  w= st. 
In  a  general  case  when  all  coefficients  are  different  from  zero,  the  vectors  VS,VT,VW  are  not  planar  and 
the  system  is  solved  in  s,t,w  considering  u  as  parameter.  The  u  value  may  be  found  by  imposing  the 
relation  w(u)  =  ,(u)t(u).  In  array  formalism: 


VT  VW\ 


=  -|K£|-|VI£|u  12.29] 


=  -|5^|-|P£i«  12.30] 


and 


-|A)-MPC]-|A]-Mviy]<*  [2.31], 

This  last  expression  may  be  written  in  the  form; 

S  ay  fii 

t  ~  02  +  ^2  **  ]2.32]. 

.“J  lusJ  1^3. 

Now  imposing  w(u)  -  s(u)  t(u): 

(“3  +  ^3  “)  =  (®1  t-Ri  tt)  <02  +  i®2  “) 


(^1^2)  “  +  (“1^2  +  “21®!  ~  ^3)“  +  (“1“2  “  “3)  =  0 


we  obtain: 
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Now  it  is  immediate  the  evaluation  of  u,  s(u),  t(u)  and,  from  these,  of  the  intersection  point  if  0<u,s,t<l 
Instead,  if  the  vectors  VS,  VT,  VW  are  complanar,  the  array  [A)  is  not  invertible  and  a  new  way  have  to 
be  followed.  Starting  from  [2.28]  and  resolving  with  respect  u,s,t,  considering  w  as  a  parameter,  being 
VW  linear  combination  of  VS  and  VT,  it  derives; 


I  VS  VT  VJJ 


'  s ' 

‘  =-l 


\VW]w  12.33| 


A\\t\=-\VC\-\VW\-u,  |2.34| 


t  = -\Ar'\VC\-lA\-'\VW\w  |2..35|. 


Now  imposing  w  =  s(w)  t(w): 


we  obtain: 


“1 

t  =  ^2  +  ^2  [2. 36). 

.“J  L73J  U3. 

•"  =  (71+  h  •")  (72  +  ^2  •") 


(<li2)  +  (71<2  +  72^1  -  1)«"  +  (7172)  =  0 

Calculating  w,  s(w),  t(w),  u(w)  the  coordinates  of  intersection  points,  if  0<u,  s,t<l,  are  evaluated 

3.  Physical  Optics  scattered  field  computation 

The  scattered  electromagnetic  field  can  be  computed  by  integration  of  the  induced  current  distribution;  owing 
the  large  size  in  terms  of  wavelength  of  the  targets  we  are  interested  in  (an  aircraft  at  X-band  can  be  1000 
wavelength  long),  the  induced  current  distribution  can  be  determined  by  the  Physical  Optics  approximation, 
which  for  metallic  targets  gives  : 


J,  =  I  in  the  lit  region;  rj  n 

‘  lo  elsewhere. 


where  fi  is  the  surface  outward  unit  normal  and  is  the  incident  magnetic  field. 

On  the  basis  of  equation  |3.1|  ,  it  can  be  shown  that  the  backscattering  RCS  (j(f)  is  given  by  13); 


4»  *  /• 

a2  ”  L 


n*xp(2j*or 


where  Aq  =  ^  is  the  freespace  wavenumber  a  .d  f  is  the  observation  direction.  Fig. [3.1]  shows  the  problem 
geometry. 

It  is  convenient  to  carry  out  the  surface  integration  directly  in  parameter  space,  and  equation  [3.2]  becomes; 


df^  dfj; 


txp{2jkof  f^{s,t))dsdt\ 


where  is  the  parametric  equation  of  each  body.  Being  the  scattered  field  parallel  to  the  incident  field, 

in  this  approximation  no  information  is  available  on  the  behaviour  of  scattered  body  with  respect  to  the 
depolarization  of  the  field.  In  [3.3]  a  key  point  is  the  determination  of  the  integration  domain  E;  a  surface 
element  (jelong  to  if: 

•  it  is  not  internal  to  some  of  the  intersecting  objects; 

•  n  f<0  ;  i.e.  it  faces  the  incoming  wave; 

•  it  is  not  shadowed  by  other  parts  of  the  same  or  of  other  objects. 

The  second  is  the  easiest  check  because  if  is  based  on  a  local  criterium;  the  other  two  can  be  performed  by 
sorting  the  spline  patches  according  to  their  distance  from  the  observer  and,  then,  carrying  out  a  series  of 
geometric  tests.  The  actual  computation  of  the  integral  is  by  no  means  a  trivial  matter  since: 

•  the  integral  is  two-dimensional  and  is  to  be  carried  out  over  a  complicated  domain; 

•  the  exponential  function  in  the  integrand  is  very  rapidly  oscillating. 

These  problems  are  solved  by  an  efficient  numerical  technique  with  error  control,  which  is  described  in  a  next 
section.  i. . 


Fig.  3.1:  Problem  geometry 
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where  M  and  tp  are  slowly  varying  with  respect  to  the  exponential  function  and  B  is  the  image  in  parametric 
space  of  the  lit  object  region.  A  classical  approach  to  the  computation  of  phase  integrals  like  equation  [3.8] 
is  the  Ludwig  method  [4]  which  consists  in  approximating  separately  M  and  \l>  over  a  conveniently  small 
rectangular  subdomain  of  size  As,4t  by  a  linear  function,  performing  analitically  the  resulting  integral  and 
summing  the  partial  results.  Gravelsaeter  et  al.  [5]  suggested  an  improved  criterium  fof  the  choice  of  the 
linear  function  and  Pogorzelski  [6]  presented  an  algorithm  for  one  dimensional  integral^where  the  phase 
is  approximated  by  a  complex  polynomial.  In  order  to  improve  the  performances,  the  technique  has  been 
successively  applied  with  a  linear  approximation  to  triangular  regions  (7) .  In  this  method  an  error  control 
integration  technique  has  been  implemented:  in  order  to  determine  a  more  accurate  value  of  the  integral 
for  complex  bodies  having  complicated  integration  domains  ,due  to  intersections,  blocking  factors  and 
obscuration,  a  predefined  mean  square  error  <  in  the  approximations,  inserted  in  integral  calculation,  is 
introduced.  By  means  of  the  definition  of  a  parameter  space  domain  5  (s,t)  and  the  knowledge  of  integrand 
function  by  points,  an  automatic  subdivision,  also  non  uniform,  of  the  assigned  region  will  be  evaluated. 
The  subdivision  criterium  is  based  on  mean  square  error,  in  integral  meaning,  between  the  phase  of  the 
integrand  function  and  his  optimal  linear  approximations;  this  error  shall  be  mantained  under  a  predefined 
assigned  value  depending,  besides  of  the  wavelength  of  the  radiation,  also  from  the  polynomial  degree 
used  to  represent  the  slowly  varying  part. 


b.  Numerical  integration  technique 

In  this  method,  the  integration  domain  S  is  subdivided  into  rectangular  subregions  with  sides  (.4s,.ilt)  to 
be  determined,  whose  contributions  can  be  written,  without  approximations: 

~  /  /  t)  exp  |jikQ£.(5,  t)]  df  |3.9l 

where 

G(3,t)-  -  i(M))l  1310] 

and 

L{f,t)^as  +  0t  +  -,  i3.U] 

is  a  linear  function  chosen  to  minimize  the  difference  i^-L  ,  in  such  a  way  that  G(s,t)  is  still  slowly  varying. 
While  with  the  Ludwig  method  all  integration  domains  have  the  same  physical  dimensions  with  respect  to 
the  wavelength  and  the  L  function  is  determined  minimizing  the  distance  with  the  values  assumed  from  ip 
function  in  integration  domain  vertex,  here  L  is  chosen  so  that  the  root  mean  square  error  defined  by 

I  t)  -  d,  dt  [3.12\ 

Jg^  Jto 

attains  its  minimum  value  for  a  given  rectangle.  It  is  introduced  a  matridal  notation  for  calculating  the 
coefficients  supposing  »g  =  jg  =  O: 

where  C  and  L  are 

It  a  fi] 

£■*=*  1 1  <  1 1 

i  is  the  coefficient  bicubic  spline  vector,  defined  from  [3.5] 

'»10  ■  “23  “33I 

and 
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#<=»  (1  a  t  St  ...  sV  s^t^  I 

In  order  to  evaluate  the  integral,  a  variables  changement  shall  be  done:  s  =  uAs,  t  =  vAt 
and  the  arrays 

ri  0  O' 

0  As  0 
[o  0  At_ 

1=  dUg  [l.da.  At,  As^,  As  At, . . . 

are  introduced.  Now  the  vectors  P  and  L  can  be  written  as 

P  =  0  T 


l  =  V  H 


where  the  vectors  0,  l’  are  defined  as 


l7<=»|  1  u  v| 

0  <=>  1 1  u  u  tt^  uv  . 


So  espression  [3.12]  may  be  written; 


’=  C  C(0  T  S-9  13.14] 

Jo  Jo 


C  is  determined  in  such  a  way  that  <^is  minimized;  nulling  the  gradient  of  [3.14]  with  respect  to  C: 


V(^=-2  f^V  MiO  T  a -V  U  C)du  dv  =  0  |3.: 

Jo  Jo 


and  observing  that 


V  M  =  M‘  V 


being  M  diagonal  it  is  obtained: 


/•I  yl 

2  /  M  \J0  T  Sdudv  =  2  I  /  M.  f'y'  H  Sdudv  |3.16| 

Jo  Jo  Jo  Jo 


Now  defining  the  dyadics: 


1  U  t/ 

W  -  u  uv 


‘  \  tt  V  UV  ...  U^l?^ 

2  =  U  UV  u^  u^v  ... 


the  relation 


2  f  f  M.  ^  T  udu  dv 

Jo  Jo 


■'f!' 

Jo  Jo 


M  W  M  Cdudv  |3.17| 


and  unknown  coefficients: 


C=  A  a 


!=[/'  r 

Jo  JO 


M  w  Mdiidv 


M  Z  Zdu  di;  13,18 


are  evaluated.  The  first  integral  in  [3.18]  is  calculated  with  an  ^.tegration  on  dyadic  W: 


where  D  is: 


At  /V'  Wdts  dv  M  =  K  Q  M  |3  19) 
do  Jo 

A  A  (■  1  1/2  1/2' 

D  =  /  /  Wdu  dv  =  1/2  1/3  1/4  |3.20| 

[l/2  1/4  1/3  J 


With  the  same  procedure.it  is  obtained  for  the  second  integral: 

At  /’zdudv  r=  At  £  I  |3.2l| 

Jo  Jo 

where  E  is: 

A  .1  r  I  1/2  1/2  1/8  1/12  1/16 

E  =  \  /  Zdudv^  1/2  1/3  1/4  ...  1/10  1/16  1/20  |3.22| 

°  1 1/2  1/4  1/3  ...  1/12  1/15  l/2oJ 

Then: 

5  =  4  S=iAt  C  Atr'  (At  £11  S  =  E  1  S 

and  if  £  =  c’  £  we  obtain:  <?  =  (Af’  fl  I)  «  |3  23] 
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c.  Evaluation  of  mean  square  error 


Knowing  the  coefficients  a,fi,  i  of  the  linear  function  L,  the  error  e  has  to  be  evaluated.  Substituting  the 
[3.23]  in  [3.14]:  ^  ^  ^ 

^2=  jf  {[(£l(u,«)  r-V’(u,«)  M  A£“'  fi  r]  i}  I»-241 

after  some  matrix  calculations 

<2  =  3  Q  o 


with 


g=  p  j  l7(u.«)  -  f?(u,t))|  [£/(u,u)  -  V^(u,i;)  £j  du  3u  13.25| 


is  evaluated.  Because  Q  array  can  be  analitically  evaluated,  mean  square  error,  expressed  as  a  twelveth 
degree  polynomial  in  48,  4t,  can  be  written  in  *e  form  [3),  [11]: 


7  _ 


180  "20  '  144 

d.  Largest  integration  determination  area 


+  0(As,  At)  13.26| 


Our  goal  now  is  to  find  the  size  of  an  integration  subdomain  for  which  the  r.m.s.  error  e  is  not  greater 
than  a  prescribed  fraction  of  wavelength.  The  complete  expression  of  eq.  [3.26]  is  analitically  untractable: 
therefore  only  the  polynomial  expression  containing  fourth  degree  terms  is  considered.  By  means  of 
Lagrange  multipticator  technique,  4s4t  dimensions  of  maximum  area,  connected  to  a  prefixed  r.m.s. 
error  e,  are  evaluated  and  trial  values  As  At  corrected  by  a  very  rapidly  iteractive  procedure.  Written  the 
[3.26]  as:  4  ,,  4 

ai*  +  4i2j/2  +  csi*  =  d 

with  a  =  b  =  ^a2j,  4  =  ^50*02'  <1  =  =  •da,  V  =  dt,  in  order  to  maximize  the  xy  rectangle  area,  a 

function,  depending  of  a  unknown  parameter  A,  ^(x,y),  have  to  be  built  ; 

xy  +  A(ol^  +  ti2y2  |.y4j  _ 


Nulling  partial  derivative  of  3(x,y)  with  respect  x  and  y  and  solving  for  A  : 


4ax2  +  26iy2  4cy3  +  26yi2 


'  r 

2a 

4  d 


2c  +  b 


41 


then 


Aa  = 


41  = 


|3.27| 


[3.28| 


i.e.  =  1 at  last 


Fig.  3.2;  Tipical  contour  plot  of  mean  square  error  t2. 
Vonous  integration  subdomains  characterized  by  the 
same  error  are  shou/n,  M  has  the  largest  area. 

As,  At  are  measured  in  relative  units. 


are  obtained.  An  example  of  a  contour  of  «  in  the  4s,4t  is  shown  in  fig.[3.2].  The  points  of  the  contour 
represent  integration  subdomain  characterized  by  the  same  r.m.s.  error  :  M  is  the  point  defined  from  last 
two  relations  with  the  largest  area  , 

If  the  integral  were  one  dimensional,  the  choice  of  the  largest  subdomain,  consistent  with  the  error  criterion, 
would  lead  to  the  most  efficient  evaluation  of  the  integral.  Since  in  this  case  the  integration  domain  is  two 
dimensional,  this  strategy  has  to  be  corrected  in  order  to  create  a  covering  without  holes  or  overlappings. 
In  particular,  an  algorithm  with  the  following  steps  has  been  developed: 

•  first  one  tries  to  cover  the  required  domain  with  a  maximum  area  rectangle; 

•  then,  if  one  side  of  this  rectar^e  overlaps  other  rectangles,  or  leaves  out  a  'too  small  hole',  its  length 
is  reduced,  or  increased,  and  the  other  dimension  is  determined  according  to  [3.27],  [3.28]  so  that  the 
coverage  efficiency  loss  is  reduced  to  a  minimum.  In  this  way  ,  the  integration  subregions  can  have 
different  dimensions  according  to  the  local  behaviour  of  the  if  function,  while  being  all  characterized 
by  the  same  r.m.s.  error.  Indeed,  the  size  of  an  integration  subregion  4(8),4(t)  is  not  related  to  the 
physical  size  but  to  the  curvature  of  the  surface  with  equation  if-if(  s,t)  and  hence  can  be  quite  large 
where  the  #  function  has  a  quasi  linear  behaviour. 

a.  Integra]  evahution 


Having  decided  the  integration  subdomain,  the  integration  is  actually  carried  out  analytically  by  employing 
a  Lagrange  interpolation  on  the  function  G(8,t):  "  x  j  j  t  j  -o 

1  —  1 

where  ,s  the  value  that  the  function  G  attains  in  the  point  i  of  the  lattice  and  l,(z,v)  is  a  k  degree 
polynomial  such  as 
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where  ly,  yy  are  the  coordinate  of  the  j  point  in  the  lattice  and 


At, 


13.291 


*  =  »-(»0+y)  v  =  ‘-l‘0+  2 

The  [3.9]  inteeral  becomes;  ,  ,./■*/■*,  ,  ,  „  .  , 

AI  =  «p[jtQ{Qo-t^i  +  l)]  j  J  ^G{x,y)txp[jkQ{ax  + fiy)]dx  dy  l3.30| 

with  0=^,4=^. 

Conceriung  the  degree  of  the  interpolation,  the  choice  of  a  low  degree  would  require  the  specification  of  a 
very  small  r.m.s.  error  e,  so  as  to  have  very  small  integration  subdomains,  because  we  have  transferred  to 
the  function  G(s,t)  the  error  stemming  from  the  replacement  of  *  with  L.  On  the  other  hand,  a  high  degree 
would  allow  quite  large  integration  subdomains  without  loss  of  accuracy  in  the  result,  in  practice,  however, 
round  off  errors  make  unfeaseble  the  use  of  polynomials  with  degree  highter  than  four  because  the  coefficients 
tend  to  be  large  and  alternating  in  sign.  For  these  reasons  a  5x5  point  interpolation  is  cho-  en. Introducing  a 
vectorial  notation  for  approximating  polynonual:  ?{x)  fi  P(y)with 

>'(u)  =  (/>i(u)  P2(“)  Piiu)  Pslu))  13.31] 

wiih  u  -  x,y  and  G  is  the  array  of  the  values  that  the  function  G  assumes  in  the  nodes  of  the  lattice,  the  equa.ion 
[3.30)  becomes: 

f  j  G{x,y)txp[]kQ{az  + fiy)]dx  dy=  f  P{z)txp{3kpax)dx  G  f  P{y)  np{j kofiy)dy  |3.32l 
J-aJ-b  J -a  J-a 

At  this  point,  integral  ons  are  performed  on  the  obtained  polynomial  espression.  When  an  integration  subdo¬ 
main  is  clipped  by  the  shadow  boundary  or  by  intersection  line  between  two  objects,  the  shape  is  approximated 
by  a  polygon  and  an  integration  procedure  based  on  a  triangle  decomposition  is  used.  The  RCS  value  of  an 
aircraft  structure  like  that  shown  in  fig.  [3.3]  has  been  computed  for  the  wanted  cut  angles  and  frequency  ra  .ge. 


;0fC  aNGLt  ii 


Fig.  4  1:  RCS  calculation  of  a  simple  shape  conshtuted  of  a  cone, 
Fig.  3.3:  Aircraft  bicubic  spline  reconstruction  by  means  of  COBRA  a  rdinder  and  a  semispherr. 


»sr.ect  (degrees) 

Fig.  4.2:  Comparison  between  calculated  (dotted  line  )  and  measured  Fig.  4.3: 
RCS  (full  line  )  for  a  cone,  cylinder  and  semisphere. 


Aspect  (degrees) 

Comparison  between  calculated  (dotted  line  )  and  measured 
RCS  (full  line )  for  a  stealth  prototype. 


»  >  « 1  : 
'TTrrPT: 


Fig.  4.4:  Stealth  prototype  imaging  from  computed  data. 
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4.  Numerical  and  experimental  results 

The  results  of  computer  code  COBRA,  have  been  tested  with  measurements  carried  out  in  ALENIA  RCS  facility 
for  a  class  of  simple  conducting  objects  consisting  of  a  cylinder  capped  by  a  cone  and  a  semisphere.  These  test 
bodies  well  adapt  to  provide  reference  scattering  signature  in  order  to  compare  computer  with  experimental 
results,  as  shown  in  [lOJ  . 

The  RCS  measurements  were  made  with  a  HP8510  network  analyzer  in  a  24  m  long,  14  m.  wide  and  9 
m.  high  anechoic  chamber,  with  a  serrated  edge  reflector  [11].  The  test  model,  supported  on  a  positioner, 
is  illuminated  by  the  signal  coming  from  the  generator  through  a  transmitting  antenna;  the  signri  scattered 
back,  sum  of  several  contributions  besides  the  signal  from  the  target,  such  as  coupling  between  transmitting 
and  receiving  antennas  and  unwanted  reflections  from  the  test  range,  is  cleaned  throught  software  gating  and 
calibration  procedures.  Fig.  4  .1  shows  the  calculated  RCS  at  24  GHz  versus  aspect  angles  for  such  a  body 
with  cone  aperture  of  36  degree,  sphere  radius  of  100  mm  and  total  length  of  Im.  While  at  zero  degree  is 
visible  the  scattering  of  the  tip  of  the  cone,  at  90  and  180  degrees  the  cylinder  and  semisphere's  scattering  is 
shown.  In  fig.  4  .2  ,  the  comparison  between  calculated  (dotted  line)  and  measured  (continue  line)  values  for 
a  body  with  cone  aperture  of  20  degrees  is  represented:  the  agreement  is  quite  good  until  40  dB  under  the 
peak[12j.  The  RCS  has  been  calculated  by  means  of  COBRA  program  also  for  more  complex  objects  like  parts 
or  full  body  of  EFA  metallic  aircraft  or  of  some  RPV.  These  results  cannot  be  reported  in  this  paper  because 
classified.  The  RCS  of  simplified  stealth  prototype  (fig.  4.3  )  has  been  calculated  and  measured  in  anechoic 
room:  the  c-'rnparison  of  the  obtained  results  shows  a  quite  good  agreement  in  spite  of  the  presence  in  the 
measured  n  o  .el  of  several  cracking  and  absorber  material  near  the  edges. 

Fig.  4.4  rey  esents, instead,  a  2D  imaging  of  this  prototype  coming  from  calculated  data:  the  RCS  centers, 
represented  wii.h  different  colours  with  respect  RCS  magnitudes,  are  shown  versus  range  and  cross  range 
dimensions.  This  particular  technique  can  improve  the  reduction  techniques  keeping  into  account  the  position 
of  significant  scatterers  in  the  model. 

5.  Conclusions 

In  this  paper,  the  scattering  phenomena  from  complex  targets  are  studied  by  means  of  a  computer  code, 
COBRA,  based  on  Physical  Optics  approach.  From  the  geometrical  model  of  the  target,  coming  from  a 
3D  CAD  system,  a  suitable  electromagnetic  model  is  generated  through  a  spline  representation.  Besides, 
significative  properties  of  the  target,  like  curvature  or  wedges,  are  keeping  into  account  in  the  1:1  mapping 
of  the  electromagnetic  model  to  a  s,t  parametric  plane.  The  numerical  approach  is  based  on  Physical  Optics 
integral  equation  which  is  solved  using  a  modified  Ludwig  technique  with  error  control.  The  approach  is 
versatile  and  has  no  limitation  on  parameters,  as  target  size  and  shape,  and  does  not  require  extensive  computer 
time  waste.  Because  no  informations  can  be  supplied  on  the  depolarization  of  the  scattered  wave  and  only 
metallic  bodies  scattering  can  be  computed,  further  theoretical  improvments  are  needed  in  these  fields. 
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DISCUSSION 


P.  H.  Pathak,  US 

Can  you  explain  the  reason  for  the  noticeable  discrepancy  between  your  PO-based 
scattering  calculations  for  the  "prototype  stealth"  model  and  the  corresponding  measure-ments? 

Author's  Reply 

This  discrepancy  is  due  to  two  factors:  the  first  is  the  ripple  in  the  measurement  in  an  old 
Alenia  anechoic  room,  where  measure-ments  were  performed  two  years  ago,  all  about  40  dB 
below  the  maximum.  With  the  anechoic  room  presented  at  the  end  of  the  paper  this  problem  is 
being  overcome.  The  second  reason  is  because  the  stealth  prototype  was  modelled  as  a  single 
body  with  the  splines;  for  a  correct  value  of  the  RCS  prediction  with  the  PO  technique  we  have  to 
use  at  least  a  subdivision  of  the  model  in  three  bodies  in  the  modelling. 
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MESURES  DE  SURFACES  EQUIVALENTES  RADAR  EN  VHF/UHF 

Jacques  SAGET 
DASSAULT  ELECTRONIQUE 
55.  Quai  Marcel  DASSAULT 
92214  SAINT  CLOUD  -  FRANCE 


1)  INTRODUCTION  :  Radars  VHF  et  UHF 


Les  scientifiques  et  techniciens  charges  de  developper 
les  radars  du  futur  semblent  s'interesser  de  plus  en 
plus  aux  bandes  de  frequence  VHF  et  UHF  (100  a 
1000  MHz).  Quelques  systemes  existent  depuis 
plusieurs  decades,  particulierement  cdte  sovietique,  et 
sent  utilises  pour  la  veille  lointaine  et  I'alerte  avancee 
contre  les  missiles  ABM. 

Pour  les  applications  militaires  tactiques  et 
stratdgiques,  I'utiiisation  de  ces  bandes  basses  offrent 
certains  avantages ; 

-  les  cibles,  avions  ou  missiles,  reputees  furtives  dans 
les  bandes  hyperfrequences  (frequences  superieures 
k  1  GHz)  deviennent  detectables  en  V/UHF.  En 
effet,  les  dimensions  proches  des  longueurs  d'onde 
utilisees  (0,3  k  3  metres)  et  des  phenomenes  de 
resonnances  electromagnetiques  ont  tendance  b 
au^enter  la  reflectivite  des  objets.  D'autre  part, 
refficacite  des  mat^riaux  absorbants  ou 
dielectriques,  utilises  pour  reduire  la  signature 
radar  des  aeronefs,  est  considerablement  digradee, 
toujours  k  cause  des  ton^eurs  d'ondes  tres  grandes 
devant  I'dpaisseur  electrique  des  materiaux, 

-  les  antennes  utilisees  par  les  radars  V/UHF  sont 
coustituees  de  cellules  actives  reparties  sur  des 
surfaces  au  sol  atteignant  plusieurs  hectares  et 
assemblees  en  riseau  It  balayage  electrique  ^  grand 

ain.  Les  puissances  utilisables  b  ces  frequences  et 
ans  des  bandes  4troites  sont  tres  importantes,  pour 
chacun  des  elements  du  reseau,  ce  qui  permet 
d'obtenir  des  puissances  rayonn^es  ^levees  aans  un 
angle  de  couverture  de  I'espace  tres  large.  Cette 
structure  de  reseau  actif  4  balayage  electronique 
permet  des  reconfigurations  tres  rapides  ues 
digrammes  d'antennes,  procurant  au  radar  une  tr^s 
grande  eflicaciU  de  surveillance  de  I'espace  avec 
une  fiabilit4  de  fonctionnement  4levee  pour  une 
faible  vulnerability  du  systime.  En  eflet,  du  fait  de 
la  rypartition  g^ograpbique  des  yiyments  actifs  de 
I'antenne  sur  une  tris  grande  surface  au  sol, 
I'ensemble  de  I'antenne  est  difficilement 
destructible  par  des  munitions  ennemies.  La  mise 
hors  service,  par  agression  hostile  ou  panne 
technique  de  quelques  cellules  actives  de  I'antenne, 
ne  produit  qu'un  fonctionnement  dygradd  du 
systime  qui  reste  efficace.  De  missiles  anU- 

'‘adar  k  guidage  passif  sont  ditficilement  ryalisables 
en  raison  des  dimensions  d'antennes,  incompatibles 
d'un  systyme  de  faible  volume. 

-  la  propagation  dans  les  bandes  VHF  et  UHF  est  peu 
sensible  aux  phenomynes  atmosphyriques  telles  que 
neige,  pluie  ou  vapeur  d'eau  (nuages).  D'autre  part, 
le  terme  d'attynuation  naturelle  en  A2  de  I'yquation 
du  radar  est  encore  un  yUment  favorable  k 
I'utiiisation  des  bandes  mytriques  et  dycimytriques. 

Ces  radars  VHF/UHF  du  futur  semblent  done 
prysenter  de  nombreux  avantages,  avec  pour 
application  principale  les  stations  fixes. 


Parallelement  au  dyveloppement  de  ces  futurs  radars, 
de  nouveaux  problemes  se  posent  aux  utilisateurs  et 
concepteurs  de  vyhicules  militaires  (missiles 
nuclyaires  ou  avions  de  combat)  :  peu  de  donnees 
experimentales  fiables  sont  disponibles  pour 
caractyriser  la  signature  radar  des  cibles  en 
VHF/UHF. 

Ces  mesures  de  SER  sont  pourtant  necessaires  pour 
dyterminer  la  dytectabilitl  d'un  porteur  face  b  un 
systeme  yquipe  d'un  radar  decimetrique,  et  surtout 
pour  entreprendre  des  travaux  d'extension  de  la  plage 
de  discretion  radar  des  adronefs  et  en  optimiser 
I'emploi  tactique.  Les  concepteurs  de  radar  ytant 
egalement  demandeurs,  pour  d'autres  raisons,  de 
mesures  de  SER  leur  permettant  d'utiliser  des 
systemes  de  reconnaissance  de  signatures. 

Le  manque  de  donnees  prycises  de  Surface 
Equivalente  Radar  (RCS)  est  du  essentiellement  k  la 
rarete  des  bases  de  mesures  fonctionnant  aux 
fryouences  inferieures  a  1  GHz. 

Le  faible  nombre  actuel  de  bases  de  mesure  de  SER  en 
VHF/UHF  s'explique  par  I'emmergence  du  besoin 
mais  surtout  par  la  difficulty  de  ryalisation  et 
d'exploitation  de  ce  genre  d'installation. 


2)  PROBLEMES  LIES  AUX  MESURES  DE  SER  EN 
VHF/UHF 


De  nombreuses  bases  de  mesure  de  SER  existent  et 
continuent  de  se  dyvelopper  dans  le  monde,  de 
diffyrentes  dimensions  et  de  types  diffyrents 
(compactes,  espace  libre,  ydairement  direct  ...),  pour 
des  fryquences  de  fonctionnement  gynyralement 
comprises  entre  2  et  18  GHz,  parfois  1  5  40  GHz  ou 
meme  1  5  100  GHz. 

L'extension  en  frdquence  d'une  ddeade  suppiymentaire 
pour  couvrir  la  gamme  0,1  k  1  GHz  est  tres  dyiicate  et 
parfois  incompatible  d'un  fonctionnement  facilement 
reconfigurable  en  SHF  (1  b  40  GHz). 

Un  inconvynient  des  bases  de  mesure  interieures, 
instaliyes  dans  des  chambres  anychoides  de 
dimensions  forcyment  limityes  est  la  difficulty  de 
ryaliser  des  mesures  sur  des  objets  de  grandes 
dimensions,  tels  que  avions  de  combat  k  ychelTe  ryelle. 
Les  mythodes  de  mesures  sur  maquettes  b  yche'  'e 
ryduite,  trbs  utilisyes  en  ondes  centimytriques  ou 
millimytriques,  sont  difficilement  applicables  ici  car 
les  matyriaux  utilisys  pour  la  confection  de  la 
maquette  doivent  prysenter  le  meme  facteur  d'ychelle 
pour  toutes  les  caractyristiques  yiectromagnytiques 
(permittivity  e,  permyability  magnytique  p,  rysistivity 
p)  dyfinissant  les  impydances  de  surface.  Cette 
contrainte,  de  premibre  importance  pour  la  validity  du 
modyie,  conduit  souvent  b  nes  matbriaux  inexistants. 

Les  difficultys  de  rbalisation  (ou  de  modification)  d'une 
base  de  mesure  de  SER  (RCS)  fonctionnant  entre 
100  MHz  et  1  GHz  sont  libes  aux  yiyments  suivants  : 

-  systbme  d'illumination, 

-  fouillisambiant, 

-  instrumentation, 

-  traitement. 


2.1)  SYSTEME  D’lLLUMINATION 


Dans  tons  les  systemes  de  mesure  de  SER,  cet 
element  regit  la  qualite  et  la  validite  des 
mesures.  En  efTet,  la  notion  de  SER  est  li4e  ^  une 
illumination  de  la  cible  sous  test  par  une  onde 
plane,  c'est-4-dire  que  la  cible  doit  etre  eclairee 
par  une  onde  electromagnetique  ayant  la  meme 
amplitude  et  la  meme  phase  en  tous  points  d'un 
plan  de  la  cible  normal  k  la  direction  de 
propagation. 

Ce  critere  de  planeite  de  I'onde  est  lie  au 
diagramme  de  rayonnement  du  systeme 
d'ilTumination  pour  I'amplitude  et  aux 
dimensions  transverses  de  la  cible  et  ^  la 
distance  antenne/cible  pour  la  phase,  dans  le  cas 
d'une  source  d'illumination  ponctuelle 
rayonnant  une  onde  spherique. 

Les  defauts  d'eclairement  se  traduisent,  sur  les 
releves  de  diagrammes  de  retrodiffusion,  par  des 
zero  ou  creux  theoriques  de  SER  mesures  a  des 
positions  angulaires  deplacees  et  a  des  niveaux 
de  creux  beaucoup  moins  prononces  que  la  valeur 
reelle. 

Une  formule  approchee  donne  un  critere  de 
qualite  de  planeite  en  phase  du  champ  electrique 
rayonne  par  une  source  ponctuelle  ; 

n  2D* 

8 .  =  —  =  22,5”  si  X  a  - 

♦  8  A 


Un  des  problemes  poses  par  i'utilisation  de  cette 
antenne  LPDA  pour  la  mesure  de  SER  est  lie  i  sa 
structure  periodique  ;  le  centre  de  phase  de 
I'antenne  se  deplace  de  I'arriere  vers  ravant  de 
I'antenne  lorsque  la  frequence  crolt.  Le 
deplacement  du  centre  de  phase  en  fonction  de  la 
frequence,  ou  phenomene  de  dispersivite,  se 
traduit  pour  les  mesures  de  SER  par  une 
diminution  de  la  distance  apparente  antenne- 
cible  lorsque  la  frequence  augmente,  d'une 
quantite  plusieurs  fois  superieure  ^  la  longueur 
physique  de  I'antenne. 

Toutes  ces  considerations  de  qualite  de  champ  et 
de  variation  de  centre  de  phase  de  I'antenne 
doivent  etre  prises  en  compte  pour  definir  une 
base  de  mesure  de  SER  en  VHF/UHF  et  dans  la 
plupart  des  cas  le  systeme  realisable  est  une 
somme  de  compromis  entre  les  differents 
parametres,  la  principale  limitation  etant 
6n4ralement  la  distance  de  test.  Des  besoins  de 
iscr6tion  peuvenb  m8me  imposer  I'utilisation 
d'une  base  int^rieure  d£j&  existante  mais  non 
pr6vue  pour  un  fonctionnement  en  VHF/UHF. 

Deux  cas  de  transformation  de  bases  existantes 
ont  6t6  ^tudi^s  recemment  par  DASSAULT 
ELECTRONIQUE  et  I'une  aes  etudes  s'est 
conc’ue  par  la  realisation  et  Sexploitation  du 
systeme  de  mesure,  dont  certains  resultats  sont 
presentes  plus  loin. 


2.2)  FOUH^LISAMBLANT 


avec  X  :  distance  detest  antenne/cible, 
D  ;  plus  grande  dimension  de  la  cible, 
A  ;  longueur  d'onde  consid^ree. 


Des  mesures  de  bonne  precision  (s  ±  1,5  dB 
d'erreur)  demanderaient  une  plan4it4  en  phase 
meilleure  que  10  degres,  soit  une  distance  de 
SD* 

mesure  x  =  — ,  lar  exemple  x  =  15  m  pour  une 


D'un  point  de  vue  economique,  i'utilisation  d'une 
base  de  mesure  de  SER  pr6vue  pour  un 
fonctionnement  k  des  frequences  superieures  e  1 
GHz  est  interessante  pour  les  raisons  suivantes : 

-  utilisation  des  locaux  ou  sites  proteges 
(securite  et  intemperies), 

utilisation  d'operateurs  dejik  formes. 


cible  de  largeur  D  =  3  m  mesuree  k  100  MHz  et 
X  =  150  m  ii  1  GHz. 

Les  techniques  de  base  compacte,  tres  utilisees 
aux  frequences  superieures  k  1  GHz,  et  qui 
permettent  de  recr^er  les  conditions 
d'eclairement  en  champ  lointain  sur  des 
distances  de  I'ordre  de  10  8  20  m  sont  peu 
utilisables  en  VHF/UHF  car  les  reflecteurs  et 
leurs  traitements  de  bords  atteindraient  des 
dimensions  prohibitives  en  raison  des  longueurs 
d'ondes  considerees. 

Le  critere  de  planeite  du  champ  en  amplitude 
conduit  k  utiliser  des  antennes  k  diagramme 
large  afin  de  maintenir  I'objet  sous  test  dans  la 

fiartie  du  lobe  de  rayonnement  principal  de 
'antenne  oil  la  puissance  rayonn^e  estconstante. 
Une  variation  en  amplitude  de  1  dB  le  long  de  la 
surface  de  la  cible  sous  test  est  la  llmite  tolerable 
pour  obtenir  des  mesures  precises  8  ±  1,5  dB. 
Toutes  les  conditions  de  champ  doivent  6tre 
maintenues  dans  toute  la  bande  de  frequence 
consid^r^e,  soit  la  decade  0,1  8  1  GHz. 


-  utilisation  de  parties  d'instrumentation 
existante  et  de  materiels  et  logiciels 
informa  tiques  disponibles, 

utilisation  d'un  positionneur  de  cible  special 
pour  mesures  de  SER,  dejA  existant  et  adapte 
aux  cibles  ^galement  testees  en  SHF  (>  1 
GHz). 

L'adaptation  aux  mesures  VHF/UHF  d'une  base 
de  mesure  existante  n^cessite  quelques 
amenagements,  en  particulier  la  mise  en  place 
du  systime  d'eclairement,  qui  doivent  autant  que 
possible  permettre  la  reconfiguration  de  la 
station  de  mesure  dans  I'une  ou  I'autre  des 
bandes  de  frequence  en  quelques  heures. 

La  cohabitation  entre  les  systemes  d'eclairement 
SHF  et  UHF  est  particuliirement  difficile  dans 
le  cas  d'un  sysUme  SHF  en  base  compacte  oil  les 
reflecteurs  sont  des  elements  pratiquement 
impossible  A  deplacer. 


Les  considerations  de  largeur  de  faisceau  dans 
une  bande  de  frequence  etendue  limite  le  choix 
de  source  d'illumination  k  I'utilisation 
d'antennes  b  structure  periodique,  de  type 
spirale  et  surtout  Log-periodique  A  dipoles 
(LPDA). 
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Mais  I'inconv^nient  m^eur  des  mesures  de  SER 
en  VHF/UHF  dans  une  base  dimensionn^e  pour 
les  frequences  superieures  k  1  ou  2  GHz  est  le 
niveau  tres  eieve  du  fouillis  en  provenance  des 
parois  de  la  base  de  mesure.  En  effet,  les 
materiaux  absorbants  de  forme  pyramidale  ou  en 
coins  (wedges)  ont  une  efficacite,  ou  reflectivite, 

T 

liee  au  rapport  - ,  ipaisseur  d'absorbant  It  la 

longeur  d'onde  A  et  e  Tangle  d'incidence  de  Tonde 
electromagnetique.  En  valeurs  typiques,  la 
reflectivite  d'un  absorbant  pyramidal,  en 
incidence  normale,  est  de  -  40  dB 

X 

pour  -  =  2  et  tombe  a  - 15  dB  pour  -=oi5 
A  A 

Ces  valeurs  sont  applicables,  par  example,  a  une 
chambre  an^choide  recouverte  de  pyramides  de 
30  cm,  dont  la  reflectivite  est  -  40  dB  A  2  GHz  et 
-  15  dB  ft  200  MHz.  Les  chambres  dites 
"anecho’iques"  deviennent  tr^s  refiechissantes 
dans  la  gamme  de  frequence  qui  nous  interesse  et 
credent  un  niveau  de  fouillis  generalement  non 
uniforme  en  distance  puisque  Tangle  d'incidence 
entre  antenne  et  parois  de  chambre  varie.  Les 
panneaux  d'absorbant  etant  generalement  colies 
sur  des  parois  metalliques  planes,  une 
reflectivite  reduite  k  15  dB  Peut  conduire  k  des 
niveaux  apparents  de  SER  de  chambre,  ou 
fouillis,  su^rieur  it  10  metres  carres  en  dessous 
de  200  MHz,  pour  une  chambre  fonctionnant 
parfaitement  k  2  GHz,  avec  une  SER  de  -  40 
dBsm  ou  moins. 

Vis  k  vis  de  la  mesure  de  SER,  le  fouillis  peut 
etre  deflni  comme  la  somme  des  signaux  presents 
e  Tentree  du  recepteur  ne  provenant  pas  de  la 
cible  sous  test.  II  s'agit  done  d'une  combinaison 
vectorielle,  quasi  deterministe,  de  signaux 
d'origines  tres  di\erses  couplage 
emission/reception  par  le  svsteme  d'antenne, 
TOS  antennes,  fuites  RF  d'instrumentation, 
retrodiffusion  par  le  positionneur  de  cible,  la 
chambre  anechoide ... 

Comme  indique  par  les  chiffres  donnes  en 
exemple  ci-dessus,  le  niveau  de  SER  parasite  db 
au  fouillis  est  trbs  eleve  alors  que  Ton  peut  etre 
amene  k  evaluer  des  cibles  particulierement 
discretes,  de  niveau  inferieur  A  -  40  dBsm.  On 
voit  done  que  le  fouillis  est  le  facteur  limitant  la 

firecision  de  mesure  de  SER  puisque,  dans 
'example  ci-dessus,  on  a  un  rapport  signal  sur 
fouillis  de  -  50  dB.  Le  rapport  signal  sur  bruit 
n'est,  en  general,  pas  limitatif  car  il  est 
eneralement  possible  d'augmenter  la  puissance 
'emission,  en  particulier  dans  les  bandes 
V/UHF  oil  la  technologie  n'est  pas  tr^s  cobteuse. 


En  plus  de  Taugmentation  de  reflectivite  des 
absorbants  h^perfreimence  en  VHFAJHF,  les 
antennes  utilises,  b  Wge  bande  passante,  de 
type  log-periodique,  possbdent  un  laisceau  trbs 
large  (tprpiquement  ±  60°  b  -  3  dB)  conduisant  b 
un  edairement  b  trbs  fort  niveau  des  parois  de  la 
chambre  anbcholde  ou  du  sol  dans  une  base 
exterieure. 

La  reduction  du  fouillis  est  done  le  soucis 
principal  des  ingenieurs  demandant  des  mesures 
de  SER  precises  dans  les  bandes  VHF/UHF. 


2.3)  METHODES  DE  REDUCnON  DU  FOUILLIS 
HE  MESURE - 


Une  analyse  temporelle  du  fouillis  d'une  base  de 
mesure  de  SER  fonctionnant  en  VHF/UHF, 
effectuee  b  Taide  d'instrumentation  de  mesure  de 
reflectivite  temporelle  (Time  Domain 
Reflectometry),  permet  de  localiser  les 
differentes  sources  ae  reflexion  ou  de  diffraction. 
Le  phenomene  de  dispersivite  de  Ta’ntenne  Log- 

feriodique  utilisee  rend  plus  complexe 
'identification  physii^ue  des  centres  de 
diffraction  puisque  les  distances  apparaissent 
differentes  suivant  la  frequence  d'ooservation. 
Cette  dispersion  rend,  par  ailleurs,  pratiquement 
inutilisables  les  systbmes  de  reflectometrie 
temporelle  utilisant  la  transformbe  de  Fourrier 
inverse  frequence-temps,  qui  font  apparaUre 
complbtement  stales  dans  le  temps  des  echos 
ponctuels. 


a)  La  premiere  idbe  de  reduction  du  fouillis  est 
de  limiter  la  somme  des  signaux  presents  b 
Tentree  du  recepteur  de  mesure  b  la  tranche 
distance  contenant  la  cible  sous  test.  Le 
moyen  le  plus  simple  est  done  d'utiliser  un 
systems  de  mesure  de  SER  equivalent  au 
classique  radar  b  impulsions  mais  avec  une 
position  de  cible  connue  et  fixe. 

Dans  le  cas  d'une  base  de  mesure  interieure, 
done  de  dimensions  limitbes,  la  selection 
distance  par  dbeoupe  temporelle  passe  par 
Tutilisation  d'impulsions  et  de  ports  distance 
de  quelques  dizaines  de  nanosecondes. 
Compte-tenu  de  Tutilisation  d'une  frb^ence 
porteuse  comprise  entre  0,1  et  1  GHz,  la 

?;eneTaUon  de  trains  d'impulsions  courtes  et  b 
ronts  de  transitions  trbs  courts  (2  b  3  ns)  pose 
des  problemes  technologiques  et  de  thborie  du 
signal.  D'une  part,  le  spectre  vidbo  de  la 
decoupe  et  le  spectre  bmis  se  chevauchent  aux 
frbc^uences  basses  et  d'autre  part  le  spectre 
subit  un  repliement  autour  de  la  frequence 
nulls,  ce  qui  rend  difficile  la  selection  des 
raies  utiles  par  le  rbeepteur  de  mesure.  Les 
commutateurs  RF  rapines  b  diodes  PIN  ont 
gbneralement  des  fuites  de  commands  vidbo 
qui  supe^sent  au  signal  RF  dbeoupb  des  pics 
transitoires  dont  Tamplitude  erbte  b  erbte 
atteint  parfois  8  b  10  vofts,  sur  50  (2. 

Le  spectre  de  ces  signaux  parasites  contient 
des  composantes  b  bnergie  blevbe  jusqu'b  500 
ou  600  MHz  (=  inverse  du  temps  de  montbe 
de  Timpulsion). 

Dassault  Electronique  a  developpe  une  unite 
de  dbeoupe  specials  pour  mesures  de  SER 
entre  KIO  MHz  et  1  GHz,  destinbe  b 
transformer  un  systbme  d'analyseur  de 
rbseau  vectoriel  CW  (HP  8510B)  en  radar  b 
impulsions  courtes  (s  10  ns).  La  dbeoupe 
d'bmission  et  la  porte  distance  de  reception 
sont  effectubes  par  des  commutateurs  rapides 
MMIC  b  TArsbniure  de  Galluim  (Ga  As)  dont 
les  fuites  vidbo  ne  dbpassent  pas  quelques 
dizaines  de  millivolts  i^te  b  erbte.  Associb  b 
un  choix  judicieux  des  frequences  d'bmission 
en  fonction  de  la  largeur  des  impulsions  et  de 
leur  frbouence  de  recurrence,  ce  systbme 
permet  a'effectuer  des  mesures  de  bonne 
qualite  ( ±  1,5  dB  de  200  b  1000  MHz)  b  des 
niveaux  proches  de  -  30  dBsm,  dans  une 
chambre  anbehoide  hyperfrbquence.  Une 
technique  particulibre  d'acquisition  des 
mesures  en  fonction  de  la  frbouence  doit  btre 
utilisbe  afin  de  compenser  le  abplacement  du 
centre  de  phase  de  Tantenne. 
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b)  La  m^thode  de  reduction  du  fouillis  par 
selection  temporelle  ne  permet  pas  d'annuler 
les  echos  parasites  en  provenance  de 
reflecteurs  situ^s  k  une  distance  41ectrique 
4gale  k  celle  de  la  cible  sous  test  et  la 
contribution  de  cette  tranche  distance  peut 
£tre  considerable.  On  trouve  en  particuiier  le 
signal  diffracte  par  le  positionneur  ou  support 
de  cible.  On  utilise,  pour  reduire  le  fouillis 
dans  le  volume  distance  s^lectionne,  une 
methode  de  soustraction  vectorielle 
supposant  une  stability  temporelle  k  moyen 
terme  du  fouillis  et  I'absence  de  couplage 
entre  la  cible  et  son  environnement.  Cette 
methode  necessite  3  essais  diff^rents  pour 
obtenir  un  r^sultat  de  mesure  de  SER  calibre 
en  metres  carr^s ; 

-  mesure  de  I'environnement  seul  (chambre 
vide)  -♦  CV, 

-  mesure  d'un  etalon  de  reference,  dans  le 
meme  environnement  -»  E  CV, 

-  mesure  de  la  cible  et  de  I'environnement  -♦ 

C-l-CV". 

On  calcule  alors,  IH) 

(C  +  CV")-CV  C 

o  .  =  - E  .  “  —  .  E  . 

(E  +  CV)-CV  “■  E  “■ 

avec  Eth  la  SER  theorique  de  I'etalon  de 
reference,  en  metres  carres. 

Tous  les  termes  sont  complexes. 

On  voit  done  que  cette  methode  permet,  en 
th^orie,  Telimination  du  fouillis  et  une  bonne 
precision  de  mesure  resultant  de  I'excellent 
rapport  signal/fouillis  obtenu. 

Suivant  les  applications,  cette  methode  de 
soustraction  vectorielle  est  plus  ou  moins 
n^cessaire,  applicable  et  efiicace. 


1)  Dans  le  cas  d'une  cible  de  petites  dimensions, 
g^neralement  de  SER  faible  (-  30  dBsm  par 
example)  mesuree  dans  une  chambre 
an^choide  pour  hyperfr^quence  dont  le 
niveau  de  fouillis  brut  moyen  serait  de  I'ordre 
de  +  10  dBsm,  une  mesure  de  precision 
acceptable  (±  1,5  dB),  necessite  une 
efficacite  de  soustraction  vectorielle 
superieure  k  50  dB  pour  obtenir  un  rapport 
signal/fouillis  de  10  dB. 

La  soustraction  vectorielle  doit  etre  telle  que  : 

|CV"  -  CV| 

lOlos  — - !  s  -  50dB. 

*  CV 

Ce  chiifre  exige  une  tr6s  haute  stabiliU  de 
■'ensemble  de  la  base  de  mesure  entre  les 
deux  acquisitions  CV  et  CV"  dont  les 
variations  d'amplitude  et  phase  doivent  etre 
inKrieures  ft  0,01  dB  et  0,2*,  ce  qui  exige  : 

stability  de  I'instrumentatiun  (gains, 
phase,  frequence ...), 

-  stability  du  fouillis  :  pas  de  mouvements 
de  I'environnement  (dilatations  thermi- 
ques  faibles). 

Cette  quality  de  soustraction  de  -  50  dB  est 
rftalisable,  dans  la  pratioue,  quand  il  est 
possible  d'effectuer  toutes  les  acquisitions  de 
mesure  de  cible  et  d'environnement  en  un 
temps  rftduit  (infftrieur  ft  4  heures)  et  sans 
modification  de  I'environnement. 


2)  Dans  le  cas  d'une  cible  de  tres  grandes 
dimensions,  comme  un  avion  de  chasse,  par 
exemple,  I'installation  de  la  cible  est  longue 
et  il  n'est  done  guere  envisageable  d'obtenir 
une  soustraction  vectorielle  tres  importante, 
d'autant  plus  que  la  cible  elle-meme  creee  un 
trfts  fort  couplage  avec  I'environnement  (avec 
le  positionneur,  masquage  des  parties 
derriftre  la  cible  ...).  En  revanche  les  niveaux 
de  SER  de  la  cible  et  de  I'environnement  sont 
trfts  diffftrents  par  rapport  au  cas  precedent : 

-  environnement  toujours  voisin  de  10 
dBsm, 

-  cible  2  10  dBsm. 


Une  soustraction  de  I'ordre  de  10  dB  serait 
alors  suffisante  pour  ftliminer  I'influence  de  la 
tranche  distance  incluant  la  cible,  le 
positionneur  en  particuiier,  ft  condition,  bien 
shr  d'utiliser  une  instrumentation  dftcoupfte 
qui  rftduira  le  fouillis  extftrieur  au  volume  de 
test. 


EXPERIMENTATION 


En  applicant  les  principes  dftveloppes  ci-dessus,  des 
mesures  expftrimentales  ont  fttft  menees  afin  de 
qualiHer  la  mftthode  et  I'installation. 

Le  systems  utilise  etait  le  suivant : 

-  chambre  anechoide  de  11  m  (haut)X  13  m  (large), 

-  antenne  log-periodique  bipolarisation, 

-  instrumentation  :  analyseur  de  reseau  vectoriel 

CWHP8510B 

unitft  de  dftcoupe  Dassault 
Electronique  TD  1-10  (0,25 
watts), 

-  calculateur :  station  de  travail  HP  9000-350, 

-  logiciel :  Dassault  Electronique  Marmos  pour 

acquisition,  traitements  et  graphiques. 

Le  choix  de  la  distance  d'eclairement  (antenne- 
cible)  rftsulte  d'un  compromis,  pour  une  cible  de 
dimensions  donnftes,  entre  la  qualite  du  champ 
electrique  et  la  separation  des  ftchos  rftels, 
resultant  d'une  illumination  directs  de  la  cible  et 
d'ftchos  fantomes  dOs  ft  une  illumination  de  la  cible 
par  des  trsjets  multiples  rftflftchis  par  les  parois  de 
la  chambre,  peu  absorbantes  ft  ces  irequences. 

Pour  une  distance  de  mesure  de  7,5  m  et  une  zone 
de  mesure  de  1,50  m  de  profondeur,  la  duree  des 
impulsions  utilisees  est  15  ns,  pour  une  porte  de 
reception  de  40  ns  et  une  frequence  de  recurrence 
de  2,2  MHz. 

La  mesure  complete  est  efTectufte  en  3  essais, 
comme  dftcrit  en  2.3.b  et  la  mftme  procedure 
d'acquisition  de  la  puissance  recue  en  fonction  de  la 
frequence  est  utilisee  pour  chaque  essai,  avec 
correction  du  deplacement  du  cenUe  de  phase  de 
I'antenne  en  cours  d'acquisition. 

On  obtient  alors  les  fichiers  vectoriels  C(f),  CV(D  et 
E(f)  et  la  reponse  theorique  Eth(f)  de  I'etalon  de 
SER,  une  sphere  de  20”  de  diametre,  est  calcuiee. 


17-5 


La  frequence  est  balayee  entre  100  et  1000  MHz, 
avec  acquisition  de  201  points  de  mesure.  Ce 
balayage  en  frequence  permet  d'accni^rir  une 
rdponse  tine  dans  toute  la  bande  VHF^HF  mais 
^galement,  par  traitement  FFT,  d'obtenir  une 
resolution  temporelle  superieure  k  ce  que  permet  la 
decoupe  temporelle  ;  17  cm  centre  2,25  m  en 
impulsions. 


Les  traitements  effectues  par  le  logiciel  sur  les 
fichiers  bruts  sont  done : 


...  C(f)-  evtf)  „ 

calculde  a(f)= 

Transformee  de  Fourrier  inverse  :  F"  *lo(f)|  =  ott) 


selection  distance,  par  logiciel,  de  la  zone  d'espace 
Umitee  aux  dimensions  de  la  cible,  soit  [ti,  t2]  nans 
le  domaine  temporel 

a(t)  X  -TLttj.tj)  =  0^(1) 

Transformee  de  Fourrier :  o^(f)  =  F[<i^(t)| 


Ce  traitement  logiciel  permet  d'obtenir  une 
selection  distance  lliminant  la  plupart  des  echos 
parasites  dOs  aux  illuminations  de  la  cible  par  des 
tnqets  multiples. 

Des  essais  de  qualification  de  la  base  ont  ete 
effectues  par  mesure  d'une  sphere  de  diametre 
moyen  (6"),  calibree  avec  une  sphere  de  20”  et  par 
comparaison  entre  la  mesure  et  le  calcul  theorique 
de  la  reponse  de  la  sphere,  dans  la  hande  100  k 

1000  \mz. 

La  sphere  parfaitement  conductrice  est 
pratiquement  le  seul  ohjet  dont  la  reponse 
theorique  exacts  est  connue  h  toutes  les 
frequences ;  e'est  Tune  des  raisons  pour  lesquelles 
cette  cihle  est  largement  utilises  pour  la 
calibration  des  mesures  de  SER. 

Les  courbes  montrent  oue  la  precision  de  mesure 
obtenue  dans  les  conaitions  decrites  ci-dessus 
attaint  ±  1  dB,  dans  la  bande  180-950  MHz,  pour 
un  niveau  de  SER  aussi  bas  que  -  30  dBsm  (h  200 
MHz). 

Le  fouillis  brut  de  I'installation,  h  200  MHz,  atteint 
-1-  5  dBsm. 


IV)  CONCLUSION 


Le  developpement  des  future  radars  VHF/UHF  a 
cree  des  besoins  en  mesures  de  SER  dans  ces 
bandes  et  peu  d'installations  sont  actuellement 
capables  et  disponibles  pour  effectuer  des  mesures 
de  qualite  sur  des  cibles  fiirtives.  Des  mesures  dans 
des  bases  existantes,  pr^vues  pour  un 
fonctionnement  au-dessus  de  2  GHz,  peuvent 
donner  des  rteultats  irks  satisfaisants,  Ii  condition 
d'utiliser  une  instrumentation,  une  m^thode  et  des 
traitemente  appropri^  afin  de  rMuire  le  fouillis 
dont  le  niveau  est  tris  important,  et  constitue 
souvent  la  cible  la  plus  "visible"  contenue  dans  la 
base  de  mesure. 


nOUIlXI  MMinaa  rrAiONWll  BKtITX 

iviTOT  arnmum  tmAiiiaim 

DXrXTKlPONBXTHXOMWJl 


BTIoaPMXBPtWXSPHXBXDXr 


PTlNXBFHBElOXr 
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DISCUSSION 


F.  CHRISTOPHE  (FR) 

L’amelloratlon  de  sensibilitd  par  soustractlon  de  I’fecho  de  chambre  que  vous 
presentez  n’est  elle  pas  Umltee  par  les  teimes  non  additife  (le  couplage  entre  la 
chambre  et  la  cible)  qui  rlsquent  d’etre  imporliL.'its  a  ces  frequences  pour  lesquelles  - 
comme  vous  I'avez  indique  -  la  chambre  n’est  pas  tres  anecholque? 

AUTHOR’S  REPLY 

La  distance  antenne-clble  et  les  paramdtres  de  decoupe  temporelle  (laigeur 
d’impulsion  et  de  fen^tre  de  reception)  sont  cholsls  en  fonctlon  de  la  laiigeur  de  cible 
et  des  dimensions  de  la  chambre  anecholque  afln  de  separer  le  plus  possible  les 
echos  prlnclpaux  des  echos  parasites  dans  le  domalne  temporel.  Le  traltement 
temporel  par  FFT  permet  une  selection  assez  line  (resolution  -  17cm)  en  complement 
de  la  selection  effectuee  par  la  decoupe  Impulslonnelle. 


E.  SCHWEICHER  (BE) 

J’al  beaucoup  apprecie  votre  expose  tres  carteslen  qul  m’lnsplre  deux  questions: 

1 .  Quel  recepteur  coherent  utlllsez-vous? 

2.  Vous  avez  parle  de  snherlclte  et  de  planeite  de  1  onde  d’Ulumlnatlon.  Est-ce  I’une 
ou  I'autre  et  si  vous  utlllsez  une  onde  d’Ulumlnatlon  spherlque  faltes-vous  une 
correction  pour  en  tlrer  les  resultats  valables  pour  vme  onde  d’Ulumlnatlon  plane? 

AUTHOR’S  REPLY 

1.  Le  recepteur  coherent  utilise  est  un  analyseur  de  reseau  vectorlel  HP8510B  (20 
MHz)  precede  d’un  convertlsseur  4  melange  direct  incoipore  au  materiel  de  decoupe 
(D.E.  TD  1-10). 

2.  L’onde  utllisee  lors  des  essals  est  spherlque  et  aucune  correction  n’est  effectuee. 
La  correction  est  delicate  car  le  rayon  de  spherlclte  varle  avec  la  frequence,  du  fait  de 
Tutillsatlon  de  I’antenne  log-perio^que. 
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Two-Dimensional  Signal  Processing  for  Airborne  MTI 
by 

Richard  Klemm 
Joachim  Ender 
FGAN-FFM 
Neuenahrer  Sir.  20 
D  5307  Wachtberg  7 


1.  INTRODUCTION 

This  paper  gives  an  overview  over  the  field  of  airborne  MTI- 
syslems  (AMTI).  For  introduction,  the  problems  of  airborne 
MTI  is  pointed  out.  Well-known  techm'ques  such  as  conven¬ 
tional  MTI  and  DPCA  (displaced  phase  center  antenna)  are 
briefly  described.  Then  the  authors  give  a  prospective  view 
of  future  AMTI-techniques,  including  an  overview  of  their 
own  work  on  novel  algorithms  (TASTE  =  Techniques  fw 
Airborne  §.low  Xerget  Extraction).  Although  airborne  radar  is 
particularly  addressed  in  this  paper,  the  results  may,  with 
some  modifications,  be  applied  to  other  moving  sensor  con¬ 
figurations,  such  as  active  sonar,  spacebome  radar,  and  Syn¬ 
thetic  Aperture  Radar  (SAR).  The  paper  is  intended  to  be  tu¬ 
torial  and  gives  an  overview  over  the  state  of  the  art  in  AMTI 
techniques.  Readers  interested  in  more  details  are  referred  to 
the  references  given  below. 

The  motion  of  the  radar  platform  causes  clutter  returns  to  be 
Doppler  coloured.  The  Doppler  frequency  of  an  echo  due  to 
an  individual  clutter  patch  is  proportional  to  the  azimuth  of 
the  scatterer  relative  to  the  radar  and  the  platform  velocity. 
Instead  of  a  single  spectral  line  at  zero  Doppler  frequency  (as 
in  case  of  groundbased  radar)  clutter  echoes  received  by  a 
moving  radar  show  a  certain  Doppler  bandwidth  determined 
by  the  platform  velocity  and  the  antenna  bearawidch.  Targets 
whose  radial  velocity  is  lower  than  the  platform  speed  are 
buried  in  the  clutter  band.  For  any  look  direction  other  f'  <i 
perpendicular  to  the  flight  direction  (squint  angle)  the  IX  p- 
ler  spectrum  is  shifted  by  an  amount  proporational  to  the  sine 
of  the  squint  angle. 


MTI  systems  of  ground  based  radar  discriminate  between 
moving  and  stationary  targets  by  use  of  their  Doppler  fre¬ 
quencies.  Ground  clutter  is  centered  about  Doppler  zero 
while  moving  targets  exhibit  a  Doppler  frequency  different 
from  zero.  The  clutter  portion  may  be  removed  by  a  notch 
filter  operating  on  successive  echo  pulses.  The  remaining 
Doppler  target  can  then  be  detected  by  threshold  comparison. 

If  the  radar  is  moving,  then  both  clutter  and  target  are  Dopp¬ 
ler  shifted.  The  clutter  echoes  are  more  or  less  while  within 
the  bandlimits  given  by  the  beamwidth  and  the  platform 
speed.  In  addition,  the  clutter  background  can  be  considered 
omnidirectional,  i.e.,  spatially  white.  So,  what  is  the  clue  to 
discriminate  a  Doppler  target  from  a  background  that  is  white 
in  time  and  space?  The  answer  is  simple:  Echoes  from  sta¬ 
tionary  clutter  show  a  one-to-one  correspondence  between 
azimuth  and  Doppler  frequency  while  for  a  moving  target 
Doppler  frequency  and  azimuth  are  independent. 

Let  us  consider  Fig.  1  for  illustration.  It  shows  a  two-dimen¬ 
sional  clutter  plot  with  the  clutter  power  plotted  versus  azi¬ 
muth  and  Doppler  frequency  (or  velocity).  Due  to  the  one-to- 
one  correspondence  between  azimuth  and  Doppler  the  clutter 
power  is  distributed  along  the  diagonal  of  the  v-<p-plane.  The 
clutter  spectrum  is  modulated  by  the  antenna  directivity  pat¬ 
tern.  Moving  targets  may  appear  anywhere  in  the  plane.  Fast 
targets  fall  into  the  antenna  sidelobe  region  and  can  be  detec¬ 
ted  by  use  of  a  temporal  filter.  For  optimum  clutter  suppres¬ 
sion,  the  filter  characteristics  should  be  the  inverse  clutter 
spectrum  projected  onto  the  time  axis,  as  depicted  below. 


Plg.1  Two-dimenrional  spectnam  of  aitbome  ground  chmer 
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Slow  targets,  however,  fall  into  the  main  beam  clutter  and 
will  be  suppressed  by  the  broad  notch  of  the  inverse  filter. 
Applying  a  narrow  notch  filter  would  result  in  imperfect 
clutter  rejection. 

The  obvious  solution  of  this  problem  is  a  time-space  filter  as 
indicated  by  the  hatched  strip  (footprint  of  time-space  filler) 
in  Fig.  1.  This  footprint  is  to  indicate  a  notch  along  the 
course  of  the  space-time  clutter  spectrum.  With  such  a  filter 
the  slow  target  inside  the  main  lobe  clutter  can  be  detected. 
In  the  following  we  focus  on  such  two-dimensional  clutter 
filters. 


2.  TACCAR  and  DPCA 

TACCAR  (time-averaged-clutter  coherent  airborne  radar,  s. 
Ref.  1,  pp.  15-61)  is  a  phase  locked  loop  to  compensate  for 
the  mean  Doppler  frequency  due  to  a  squint  angle.  Phase  ad¬ 
vances  between  subsequent  echo  samples  are  used  to  control 
the  coherent  oszillator  in  such  a  way  that  the  Doppler 
spectrum  is  centered  about  Doppler  zero.  Clutter  locking  as 
described  in  Ref.  2  is  basically  the  same  as  TACCAR,  howe¬ 
ver  implemented  in  the  base  band. 

DPCA  techniques  (displaced  phase  centre  antenna)  are  well- 
know  techniques  for  compensation  of  the  motion  induced  ef¬ 
fect  on  the  clutter  bandwidth.  For  illustration  let  us  consider 
Fig.  2a.  Two  subsequent  echo  samples  Ej  and  E2  due  to  an 
individual  scatterer  exhibit  a  phase  advance  which  is  propor¬ 
tional  to  the  azimuth  angle  and  the  platform  speed.  The  total 
of  all  phase  shifts  due  to  an  omnidirectional  background  form 
a  Doppler  broadband  clutter  echo.  There  are  two  basic  DPCA 
principles  which  are  outlined  briefly  in  the  following. 

In  Refs.  1,  pp.  16-8,  and  4  the  platform  motion  is  compensa¬ 
ted  by  switching  two  strongly  overlapping  subapertures  bet¬ 
ween  any  two  successive  pulses.  If  the  displacement  of  the 
two  phase  centres  is  matched  to  the  platform  velocity  and  the 
PRF  then  the  array  seems  to  be  fixed  for  the  duration  of  one 
pulse  interval.  The  disadvantage  of  this  technique  is  that  only 
every  second  pulse  can  be  used  for  Urget  detection  which 
means  a  loss  of  3  dB.  Technical  problems  might  occur  be¬ 
cause  the  PRF  has  to  be  synchronized  to  the  platform  speed 
and  the  phase  centre  displacement  which  may  require  adap¬ 
tive  control  of  the  PRF  by  use  of  an  inertial  navigation  sy¬ 
stem.  The  main  beam  mean  Doppler  must  be  corrected  by  a 
TACXHAR  loop. 


In  Fig.  2c  the  motion  induced  phase  shift  is  compensated  for 
by  an  electronical  DPCA-technique  (Ref.  1.  pp.  16-10). 
This  is  done  by  adding  two  correction  patterns  cj  and  C2  in 
the  way  shown  in  Fig.  2c.  The  required  correction  signals  are 
obtained  from  the  output  of  a  monopulse  difference  channel, 
multiplied  by  a  constant  factor  to  match  to  the  actual  plat¬ 
form  speed.  No  loss  has  to  be  taken  into  account  because  any 
echo  pulse  can  be  used  for  forward  and  backward  compensa¬ 
tion.  This  technique  depends  very  much  on  the  shape  of  the 
difference  pattern.  Usual  tapering  techniqes  to  obtain  low  si- 
delobes  may  distoit  the  correction  patterns  so  that  degrada¬ 
tion  of  the  clutter  cancellation  occurs. 

A  similar  approach  for  use  with  array  antennas  is  given  in 
Ref.  5.  Two  sets  of  beamformer  coefficients  applied  to  the 
TACCAR-corrected  array  are  optimised  in  such  a  way  that 
correction  patterns  as  shown  in  Fig.  2c  minimise  the  clutter 
output  power. 


3.  TASTE 

The  TASTE  algorithms  (TASTE  =  technique  for  airborne 
slow  target  extraction)  are  related  to  DPCA  in  that  several 
sensors  are  used  for  platform  motion  compensation.  The 
philosophy,  however,  is  different.  In  DPCA  the  platform 
motion  is  compensated  for  explicitly  whereas  TASTE  algo¬ 
rithms  use  the  received  data  and  remove  the  influence  of  plat¬ 
form  motion  via  adaptive  2D-ciutter  filtering  (time-space  ge¬ 
neralisations  of  sidelobe  cancellation  techniques).  It  ha'  been 
shown  that  TASTE  compensate  for  the  motion  induced  phase 
shifts  as  shown  in  Fig.  2d,  s.  Ref.  7.  Compared  with  DPCA, 
TASTE  has  a  number  of  attractive  properties: 

*  No  TACCAR  loop  for  main  beam  mean  Doppler  correc¬ 
tion  is  required 

*  No  external  estimates  of  the  platform  speed  (e.g.  via  INS) 
are  necessary 

*  The  PRF  has  not  to  be  synchronised  with  the  platform 
speed  as  in  case  of  Ref.  S 

*  Antenna  concepts  using  either  antenna  arrays  or  reflector 
antenna/auxiliary  sensor  configurations  are  possible  (Ref. 
18) 

*  The  number  of  sensors  and  echo  pulses  involved  can  be 
chosen  arbitrarily  (most  DPCA-techniques  involve  only 
two  pulses) 

*  Platform  motion  and  perturbations  of  the  flight  path  can 
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be  cumpensated  fur 

•  Even  with  a  linear  array,  small  velocity  components  per¬ 
pendicular  to  the  flight  path  can  be  compensated  for,  s. 
Ref.  17 

*  By  use  of  two-  or  three  dimensional  sensor  arrays  the 
AMTI  can,  in  conjunction  with  adaptive  processing,  be 
motion  compensated  in  all  three  spatial  dimensions,  s. 
Ref.  17 

3.1  Small  Array  Case 

The  theoretical  basis  for  adaptive  array  processors  is  the  ma¬ 
ximum  likelihood  test  which,  under  the  assumption  of  Gaus¬ 
sian  clutter  and  deterministic  target  signal,  leads  to  the  well- 
known  processing  rule  "pre-whiten  and  match".  The  principle 
of  such  a  processor  is  shown  in  Fig.  3a.  The  whitening  ope¬ 
ration  is  included  in  the  inverse  clutter  covariance  matrix 
R'V  The  input  samples  may  be  either  temporal  (clutter 
filtering  for  stationary  radar)  or  spatial  (jammer  cancellation) 
or  both  (clutter  and  jammer  cancellation  for  moving  radar). 
In  the  latter  case  R  is  a  space-time  matrix  as  indicated  in  Fig. 
3c.  The  submatrices  R(x)  are  spatial  while  the  temporal 
correlation  is  between  them. 

The  first  investigations  on  space-time  adaptive  clutter  filte¬ 
ring  have  been  conducted  by  Brennan  et  al.,  s.  Ref.  6.  An 
eight  element  array  and  2-pulse  clutter  cancellation  has  been 
considered.  The  convergence  properties  of  three  adaptive  al¬ 
gorithms  are  discussed. 

The  problem  associated  with  this  type  of  processor  is  that  it 
applies  only  to  short  arrays.  Otherwise,  the  implementation 


becomes  expensive,  and,  in  addition,  the  convergence  of  the 
adaptive  loop  may  be  poor.  In  Refs.  8  and  9  pre-transform 
processors  are  described,  s.  Fig.  3b.  By  use  of  a  suitable  pre¬ 
transform  the  number  of  samples  can  be  reduced  consi¬ 
derably.  The  idea  of  such  pre-transform  techniques  is  that  the 
order  of  whitening  and  signal  match  is  interchanged  which 
leads  to  a  space-time  sidelobe  canceller  scheme.  Auxiliary 
channels  are  used  to  estimate  the  covariance  matrix  after  the 
pre-transform.  Beamformers  cascaded  with  Doppler  filters 
matched  to  the  beamformer  mean  clutter  frequency  or  eigen¬ 
vectors  of  the  clutter  covariance  matrix  have  proven  to  be 
suitable  auxiliary  channels. 

In  Ref.  1,  pp.  16-24,  an  adaptive  implementation  of  such  a 
processor  is  presented.  Some  performance  values 
(improvement  factor)  are  given  for  a  16-eIements  array.  This 
processor  can  be  considered  a  special  case  (2  temporal  sam¬ 
ples)  of  the  space-time  FIR  filters  described  in  Reis.  13  and 
14.  The  principle  of  such  a  filter  is  indicated  in  Fig.  4.  A 
space-time  field  of  echo  samples  is  obtained  from  a  sensor 
array.  The  space-time  FIR  filter  is  a  weighted  sum  over  a 
segment  of  spatial  and  temporal  samples.  The  filter  moves  in 
the  time  direction.  The  filter  coefficients  are  optimised  so 
that  the  output  power  is  minimum. 

Fig.  S  gives  an  indication  of  the  performance  of  this  kind  of 
filter.  The  improvement  factor  (gain  in  signal-to-noise  ratio) 
is  plotted  versus  the  radial  target  velocity.  N  and  M  are  the 
numbers  of  sensors  and  temporal  samples  in  the  filter.  The 
total  number  of  filter  coefficients  is  NM.  20  dB  CNR  were 
assumed.  The  platform  velocity  is  O.Sv^ax  where  v^iax  “ 


a.  Optimum  array  processor 


b.  Pre-transform  processor 


c  Scheme  of  space-time  covariance  matrix 


Fig.  3  Basic  array  processor  schemes 
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Fig.  4  Prindpie  of  a  tune-space  FDt  filter 


the  unambiguous  velocity  determined  by  the  sampling  rate.  A 
sideways  looking  geometry  was  assumed.  The  target  energy 
is  integrated  by  a  33  point  Doppler  filter  bank.  The  at»zissa 
corresponds  to  the  output  of  the  Doppler  filter  bank. 

N:=M=1  means  that  no  filter  is  applied.  The  curve  shows  the 
gain  response  of  the  Doppler  filter  bank.  The  clutter  band¬ 
width  between  vAmax  -0.8... .0.8  can  be  recognised.  Simi¬ 
lar  curves  are  obtained  if  either  N  or  M  are  equal  to  l(spatial 
or  temporal  filter).  As  expected  only  a  space-time  filter 
(N=M=5)  gives  satisfactory  performance.  At  v=0  the  target 
frequency  is  equal  to  the  clutter  frequency  in  look  direction 
which  results  in  a  clutter  notch.  The  width  of  the  clutter 
notch  is  a  measure  for  the  detectability  of  slow  targets.  The 
maximum  gain  far  away  from  Doppler  zero  is  about  42  dB 
which  is  the  theoretical  limit  (20  dB  CNR  x  5  sensors  x  33 
Doppler  filter  length  =  16500  =  42.17  dB). 

3.2  Larye  Arrays:  Two-Dimensional  Space-Time  FIR  Filters 
The  filter  technique  described  in  the  previous  section  has  the 
disadvantage  that  it  is  hardly  applicable  to  large  arrays.  On 
the  one  hand  it  is  a  question  of  cost,  complexity  and,  related 
to  spacebome  systems,  of  weight.  On  the  other  hand,  the 
convergence  time  of  adaptive  algorithms  increases  with  the 
order  of  the  filter  which  can  lead  to  difficulties,  c.specially  in 
a  moving  configuration.  Realistic  array  antennas  will  include 
several  thousands  of  .sensors,  which  is  foohibitive  for  the 
implementation  of  an  adaptive  loop. 


One  possibility  to  overcome  the  convergence  problems  is  to 
design  a  filter  that  operates  in  space  and  lime  as  FIR  filter, 
provided  that  the  array  is  equispaced.  The  basic  principle  of 
such  a  filter  is  illustrated  in  Fig.  6.  More  details  are  given  in 
Ref.  IS.  Again  the  filter  coefficients  are  optimised  so  that  the 
clutter  output  power  becomes  minimum.  This  filter  has  some 
attractive  features; 

*  The  filter  size  is  independent  of  the  array  size. 

•  The  order  of  the  filter  can  be  chosen  small  so  that  the 
CO  'ergence  is  supposed  to  be  rapid 

•  Since  the  equispaced  array  has  the  same  cross-covariance 
all  over  the  aperture,  the  filter  may  adapt  to  the  clutter 
while  moving  over  the  aperture. 

*  Thirdly,  this  kind  of  filter  is  a  pure  clutter  rejection  de¬ 
vice  without  any  beamformer  included  (as  in  case  of  the 
previous  filters).  A  beamformer  has  to  be  applied  to  the 
output  data  separately.  Therefore,  adaptation  of  such  a 
filter  is  independent  of  the  look  direction.  It  may  adapt 
during  scanning.  Parallel  beamforming  is  possible. 

Fig.  7  shows  the  performance  of  the  2D  FIR  filter  for  diffe¬ 
rent  array  apertures  A.  Of  course,  this  technique  requires  that 
all  elements  of  the  array  antenna  have  to  be  followed  by  full 
channels  including  amplifiers,  demodulation  and  A/D-con- 
verters.  This  disadvantage  applies  also  to  the  techniques 
discussed  in  the  previous  section. 
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Fig.  6  Scheme  of  a  two-dimensional  space-time  FIR  filter 


'1.1  1  arge  Antennas:  Subgroup  Processing 
Recent  results  indicate  that  very  simple  antenna/filler  structu¬ 
res  may  yield  the  desired  AMTI  performance,  s.  Ref.  18. 
Such  prtxxssors  are  based  on  overlapping  sensor  subgroups 
like  the  two  subapertures  in  Fig.  2b.  An  alternative  solution 
is  a  configuration  including  auxiliary  sensors  and  a  main 
antenna  which  may  also  be  a  reflector  type  antenna.  The  or¬ 
der  of  this  processor  is  again  independent  of  the  antenna  size, 
and  rapid  convergence  of  an  adaptive  algorithm  can  be  anti¬ 
cipated.  Fig.  8  shows  some  gain  curves  for  different  apertu¬ 
res. 

3.4  Drift  Compensation  with  Planar  Arrays 
In  all  the  above  described  applications  of  TASTD  a  linear  ar¬ 
ray  aligned  in  flight  direction  was  used  to  compensate  for  the 
motion  and,  in  case  of  adaptive  realisations,  for  perturbations 
of  the  velocity  in  flight  direction.  In  Ref.  17  the  use  of  planar 
arrays  for  motion  compensation  in  two  dimensions  is  discus¬ 
sed.  Fig.  9  shows  the  positions  of  such  a  planar  array  when 
moving  at  platform  speed  along  the  flight  path  and  drifting 
sideways  because  of  cross  wind. 

The  processing  scheme  is  basically  the  same  as  before.  Ho¬ 
wever,  the  spatial  submatrices  of  the  space-time  covariance 
matrix  are  subdivided  in  turn  into  submatrices,  s.  Fig.  10a. 
The  inner  subraatrices  may  describe  the  clutter  statistics  in 


flight  direction  while  the  next  level  of  submalrices  relates  to 
the  direction  perpendicular  to  the  flight  path.  In  Fig.  10b  the 
space-time  filter  scheme  is  shown. 

It  has  been  shown  in  Ref.  17  that  small  drift  velocities  can  be 
compensated  for  by  a  linear  array  in  flight  direction,  as  used 
for  platform  speed  compensation.  For  drift  velocities  of  the 
order  of  magnitude  of  the  platform  speed  a  planar  array  is 
necessary. 

3.5  High  Resolution  Radar:  Bandwidth  Effects 
Spatial  decorrelation  effects  due  to  the  system  bandwidth  are 
a  well-known  phenomenon  that  may  have  impact  on  spatial 
filtering  such  as  beamforming  and  sidelobe  cancellation.  Any 
wave  arriving  at  the  array  at  an  off-boresight  angle  is  delayed 
while  travelling  across  the  antenna  aperture.  If  the  correlation 
length  of  the  received  wave  is  of  the  order  of  magnitude  of 
the  aperture  size  then  the  received  signals  across  the  array 
suffer  from  loss  in  cross  correlation.  Phase  sensitive  techni¬ 
ques  such  as  adaptive  nulling  are  degraded  seriously. 

This  decorrelation  effect  is  of  particular  importance  for  broad 
band  radar  such  as  synthetic  aperture  radar.  Here  the  en¬ 
visaged  range  resolution  may  be  equal  to  the  antenna  size. 
This  can  also  have  impact  on  the  performance  of  TASTE  be¬ 
cause  these  techniques  operate  partly  in  the  spatial  dimen- 


o 


Wwm 


Pig.  7  TD-tptn-time  clutter  suppreaaion  fitter 


18-6 


o 


Fig.  8  Spatial  subgroup  processing 


.sion.  In  Ref.  13  it  has  been  shown  that  no  spatial  decorrela¬ 
tion  iKcurs  if  motion  compensating  techniques  such  as 
TASTE  are  applied. 


4  SUMMARY  AND  CONCLUSIONS 
In  this  paper  a  summary  of  existing  techniques  for  motion 
compeasation  for  air-  and  spacebome  MTI  radar  was  presen¬ 
ted,  The  advantages  of  adaptive  space-time  filters  (referred  to 
as  TASTE  by  the  authors)  were  pointed  out.  The  cost  and 
computational  workload  can  be  reduced  so  that  even  for  large 
arrays  clutter  returns  can  be  rejected  adaptively  in  real-time. 

An  experimenul  set-up  (AER  =  Airborne  Experimental  Ra¬ 
dar)  to  verify  the  theoretical  results  is  under  development. 
This  system  includes  an  X-band  frontend  with  four  active 
channels.  First  experiments  will  be  conducted  in  the  near  fu¬ 
ture  by  use  of  a  truck  as  moving  platform.  Autobahn  bridges 
in  the  mountain  area  close  to  Bonn  will  be  used  to  imitate  an 
airborne  geometry.  Later  on,  airborne  experiments  will  be 
conducted. 


There  are  a  few  unsolved  problems  ahead  that  will  need  spe¬ 
cial  attention.  First  of  all,  investigations  on  an  appropriate 
antenna  design  for  TASTE  will  be  carried  on.  Such  specifi¬ 
cations  have  to  be  merged  with  the  requirements  of  an  opera¬ 
tional  antenna.  Secondly,  given  a  certain  jamming  scenario, 
how  would  an  antenna  capable  of  anti-jamming  and  TASTE 
look  like?  Recent  results  on  anti-jamming  will  be  taken  into 
account  (see,  for  example.  Ref.  19)  .  Other  problems  are  in 
the  field  of  implementing  real-time  hardware  for  TASTE  in 
LSI  technology. 
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1.0  Introduction 

This  paper  describes  the  use  of  an  adaptive  filter  to 
enhance  the  detection  of  moving  targets  in  the  pres¬ 
ence  of  clutter.  The  scanning  and  pulsing  rates  of  a 
typical  surveillance  radar  produce,  within  each  resolu¬ 
tion  cell,  a  time-series  of  samples  at  a  given  range,  re¬ 
sulting  from  the  consecutive  pulses.  In  the  case  of  co¬ 
herent  radar,  this  time-series  corresponds  to  the 
Doppler  spectrum  of  that  resolution  cell,  containing 
radial  velocity  information  on  both  targets  and  clutter 
within  the  cell.  An  adaptive  filter  can  be  used  to  en¬ 
hance  the  target  signal  over  the  clutter  signal  by 
matching  the  clutter  spectrum,  thus  whitening  the  fil¬ 
ter  output,  so  that  only  the  target’s  spectral  compo¬ 
nents  stand  out.  It  is  possible  for  the  filter  to  dis¬ 
criminate  between  the  clutter  spectrum  and  the  target 
spectrum  because  clutter  is  generally  a  diffuse  source, 
spread  over  many  adjacent  cells,  while  the  target  is 
generally  a  point  source,  occupying  a  single  cell. 

The  adaptive  digital-filtering  structure  examined  for 
this  research  was  the  lattice-structure  prediction-error 
filter.  A  number  of  adaptation  algorithms  were  ex¬ 
amined  for  this  structure,  with  the  best  results  being 
obtained  with  the  harmonic-mean  algorithm.  Within 
this  algorithm,  two  gradient  methods  were  examined 
for  adaptation  in  a  non-stationary  environment.  To 
test  these  algorithms  and  methods,  coherent  radar 
data  was  gathered  from  a  10  cm  air-traffic-control 
surveillance  radar.  This  data  included  different  tar¬ 
gets  (aircraft  and  bird  flocks)  in  a  variety  of  clutter 
conditions  (ground,  rain,  ice  pellet,  snow,  and  anoma¬ 
lous  propagation  clutter).  Quantitative  results  are 
presented,  including  improvement  factors  and  sub¬ 
clutter  visibility  factors,  that  show  significantly  better 
performance  for  these  adaptive  filters,  when  com¬ 
pared  with  conventional  moving-target-indicator  fil¬ 
ters. 


2.0  Defining  the  Problem 

The  radar  used  for  this  analysis  is  a  scanning,  pulsed 
radar  system  with  a  vertical  fan-beam  antenna  pat¬ 
tern,  such  as  is  normally  found  in  air-traffic  control 
environment.  In  typical  radars  of  this  type,  because  of 
the  antenna  pattern,  between  ten  and  twenty  pulses 
may  pass  through  the  cell  before  the  antenna  has 
scanned  past  the  cell.  Any  object  in  the  cell  may  re¬ 
turn  an  echo  from  each  of  these  pulses,  forming  a  time 
series  of  samples  representative  of  the  object.  If  these 
pulse  echoes  are  detected  coherently  by  the  radar  re¬ 
ceiver,  then  the  time  series  contains  both  amplitude 
and  phase  information;  the  amplitude  being  related  to 
the  size  and  reflectivity  of  the  object  (radar  cross-sec¬ 
tion),  and  the  phase  being  related  to  the  change  in 
range  of  the  object  (Doppler  shift).  This  time  series  of 
samples,  taken  at  a  single  range  and  analyzed  either 
in  blocks  or  continuously,  forms  the  basis  for  many 
radar  signal  processing  systems. 

The  need  for  some  t3T3e  of  processing  of  the  radar  sig¬ 
nal  is  dictated  by  the  fact  that  targets  (such  as  an  air¬ 
craft)  are  not  the  only  signals  detected.  Radar  clutter 
is  also  detected  from  a  variety  of  sources,  the  most 
common  being  reflections  from  the  ground,  or  from 
objects  at  ground  level.  This  clutter  is  especially 
strong  near  the  radar  site,  but  may  occur  at  any  range 
from  high  objects  or  hilly  terrain.  Another  major 
source  of  clutter  is  weather  disturbances.  Rain,  snow, 
and  other  storm  conditions  can  result  in  the  strong  re¬ 
flections  from  large  areas  of  the  sky,  obscuring  any 
targets  in  the  area.  A  different  sort  of  weather-re¬ 
lated  clutter  results  from  atmospheric  inversion;  areas 
of  denser  air  which  reflect  or  refract  the  radar  pulse. 
Echoes  created  this  way  are  often  moving  and  nwy  re¬ 
semble  targets  or  cover  significant  areas.  Another 
signal  source  analyzed  in  this  study  was  the  reflec¬ 
tions  from  birds,  especially  in  flocks,  which  were 
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treated  as  targets. 

In  conventional  radar  systems,  targets  can  often  be 
obscured  by  clutter,  or  lost  due  to  the  processing  used 
to  remove  clutter.  The  traditional  processing  tech¬ 
nique  commonly  in  use  is  the  moving-target  indicator 
(MTI)  filter  which  assumes  that  the  target  of  interest 
is  moving  (radially  to  the  radar)  and  that  the  clutter  is 
not.  It  is  essentially  a  high-pass  filter  apphed  to  de¬ 
tect  the  Doppler  signal  in  the  time  series  of  samples 
from  a  constant  range.  This  is  usually  implemented 
using  a  fixed  tapped-delay-line  (TDD  canceller,  com¬ 
paring  two  or  more  successive  pulses  for  any  changes. 

The  assumption  that  the  target  is  moving  and  the 
clutter  is  not  results  in  two  problems.  First,  strong 
targets  may  be  lost  due  to  a  low  radial  velocity.  (This 
includes  slow-flying  bird  flocks,  which  are  a  definite 
threat  to  air  safety  near  airports).  Second,  storms  of 
even  moderate  intensity  are  often  moving  fast  enough 
to  break  through  the  MTI  filter  and  thus  obscure 
much  of  the  radar  screen.  The  MTI  filter  often  fails 
completely  in  the  presence  of  clutter  due  to  weather 
disturbances,  and  is  inconsistent  in  the  case  of  mi¬ 
grating  flocks  of  birds.  In  practice,  all  that  can  gener¬ 
ally  be  assumed  about  the  targets  is  that  they  are  con¬ 
centrated  spatially,  while  clutter  tends  to  be  diffuse 
spatially.  To  give  the  best  performance  in  separating 
targets  from  clutter,  the  clutter-  suppression  filter  re¬ 
sponse  must  bo  good  estimate  of  the  actual  clutter 
spectrum.  This,  in  turn,  has  k  (o  the  use  of  adaptive 
filters  as  a  possible  solution  to  all  types  of  clutter. 

3.0  Adaptive  Filtering  of  Radar  Clutter 

The  adaptive  filter  works  by  adapting  its  response  so 
eis  to  remove  the  clutter  component  from  the  filter 
output.  The  prediction-error  filter  (PEF)  can  perform 
such  a  function.  One  specific  way  in  which  the  PEF 
may  be  used  to  detect  a  target  in  clutter  tedees  advan¬ 
tage  of  the  different  area  coverage  of  the  targets  and 
clutter.  By  using  a  large  number  of  previous  samples 
of  the  time  series  and  their  statistics,  the  value  of  the 
next  sample  in  the  time  series  is  predicted.  If  the  pre¬ 
dicted  value  is  then  subtracted  from  the  actual  value, 
the  clutter  component  is  filtered  out,  while  the  target 
signal  remains  substantially  unaltered. 

Another  way  in  which  the  target  may  be  detected  is 
quite  similar  to  this,  except  that  the  filter  is  allowed  to 
adapt  quickly,  so  that  it  adapts  to  targets  as  well  as 
clutter.  Then,  there  is  significant  output  from  the  fil¬ 
ter  only  during  a  sudden  change  in  the  spectral  char¬ 
acteristics  of  the  input  signal.  This  occurs  during  the 


transition  from  no-target  to  target  conditions,  whether 
or  not  clutter  is  present.  With  the  lattice  filter,  this 
latter  mode  of  operation  appears  to  be  the  more  effec¬ 
tive  of  the  two. 

In  past  attempts  to  use  the  PEF  for  this  application,  a 
tapped-delay-line  structure  has  been  used^.  However, 
some  of  the  characteristics  of  the  tapped-delay-line 
make  it  a  bad  choice  for  this  type  processing.  One  of 
the  most  important  of  these  is  the  convergence  prop¬ 
erties,  which  are  very  signal-dependent.  Other  nega¬ 
tive  characteristics  include  tendencies  to  instability, 
poor  resolution,  large  levels  of  quantization  noise  with 
high  filter  orders,  and  the  inability  to  alter  the  filter 
order  during  operation.  Most  of  these  characteristics 
area  related  to  the  fact  that  this  structure  is  adapted 
by  minimizing  a  single,  global  effort  criterion. 

The  negative  characteristics  of  the  tapped-delay-line 
structure  are  overcome  by  using  the  serially-processed 
lattice-reedization  of  the  PEF.  Unlike  the  tapped-de¬ 
lay-line  structure,  the  operation  criterion  for  the  lat¬ 
tice  filter  minimizes  the  error  output  of  each  filter 
stage  independently,  escaping  those  negative  charac¬ 
teristics  peculiar  to  the  tapped-delay-line  structure. 
The  advantages  of  the  lattice  structure  include  good 
convergence  properties^,  guaranteed  stability,  and  in¬ 
sensitivity  to  quantization  noise,  regardless  of  filter 
order®.  These  factors  suggest  the  lattice  structure 
would  be  a  good  choice  for  application  to  radar,  which 
is  affirmed  by  experimental  results. 

The  lattice  filter  operates  as  a  clutter  suppression  fil¬ 
ter  by  processing  the  radar  data  serially  along  each 
range  ring  (of  one  resolution  cell  in  depth)  inside  the 
area  of  interest.  Starting  from  an  arbitrary  point  on 
the  range  ring,  a  sample  is  taken  for  each  transmitted 
pulse.  Thus,  once  the  filter  is  started  up,  it  goes  on  in¬ 
definitely. 

The  use  of  the  lattice  filter  in  this  way  requires  the 
assumption  that  the  clutter  signal  can  be  represented 
using  an  autoregressive  model.  This  assumption  ap¬ 
pears  to  be  justified"*'^,  however,  it  is  complicated  by 
the  assumption  in  such  models  of  a  stationary  signal, 
which  is  not  the  case  for  scanning  radar.  Also,  the 
spectrum  of  a  small  clutter  seunple  area  may  be  quite 
untypical  of  the  whole  clutter  population.  This  is  not  a 
significant  problem,  however,  as  the  clutter  spectrum 
can  be  represented  as  a  fairly  simple  envelope  func¬ 
tion  containing  the  actual  complex,  finely  detailed 
structure  of  the  spectrum.  This  fine  detail  is  mainly 
related  to  the  short-term  variations  and  disturbances 
of  the  clutter,  while  the  envelope  is  derived  from 
longer  term  parameters.  Thus,  it  is  only  necessary  for 


the  filter  to  adapt  to  the  optimum  clutter  spectrum 
envelope. 

The  performance  values  presented  in  this  paper  for 
lattice  filtt  'esult  from  the  analysis  of  radar  signals 
recorded  in  a  specific  environment  under  varying  con¬ 
ditions.  As  the  environment  has  a  bearing  on  the  per¬ 
formance  of  the  filter,  it  was  decided  that  a  compara¬ 
tive  study  was  most  valid.  As  the  MTl  filter  is  the 
component  generedly  foimd  in  existing  systems  ful¬ 
filling  the  correspondent  role  to  the  lattice  (as  de¬ 
scribed  in  the  previous  paragraph),  it  became  the  basis 
for  comparison  used  in  this  study.  A  more  extensive 
presentation  of  these  results  is  presented  else- 
where'^''^*. 


4.0  The  Lattice  Filter 

4.1  Basic  Structure 


The  form  of  the  lattice-structure  prediction-ei  .■'•r  fil¬ 
ter,  as  it  is  applied  here  to  autoregressive  model  sig¬ 
nals,  has  been  presented  extensively  in  the  litera- 
tore  ■  .  Figure  presents  a  block  diagram  of  this 
structure.  The  forward  and  backward  prediction  er- 
rors  fpf,(n)  and  bjj,(n)  for  stage  m  of  the  lattice  filter 
at  time  n  are  given,  respectively,  by 


f  (n)  =  f  ,{n)  ♦  p„(n) 
in  ID— 1  n 


b  (n)  s  b  ,(n-1)  +  o_(n)  •  f  An)  <2, 

O  D—  1  O  Ifi—  1 

for  n  >  1  and  0  <  m  <  M,  where  M  is  the  filter  order. 
The  pjjjlm)  is  the  reflection  coefficient  for  stage  m 
(also  called  a  partial  correlation  coefficient)  and 
I’m  (n)  in  its  complex  conjugate.  (Complex  arithmetic 
is  used  throughout).  The  input  data  at  time  n  is 
placed  in  both  fjj(n)  and  b^(n). 

A  number  of  different  algorithms  have  been  proposed 
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for  the  calculation  of  the  reflection  coefficient  ’  . 
Comparisons  of  these  algorithms  using  simulated 
radar  data  have  shown  that  Burg's  harmonic-mesm  al- 
gorithm  gives  the  best  results  in  this  application  .  In 
addition,  this  algorithm  has  the  strongest  theoretical 
background**'*^.  The  optimum  values  of  the  reflec¬ 
tion  coefficients  are  given  by  this  algorithm  as 


Figure  1;  Lattice-structure  prediction-error  filter 

In  some  applications,  where  the  data  is  completely  sta¬ 
tionary,  the  reflection  coefficients  may  be  calculated 
by  block  processing,  where  the  expectation  of  equation 
(3)  are  simply  replaced  by  summations  from  m  + 1  to 
N,  where  N  is  the  size  of  the  data  block.  In  this  man¬ 
ner  the  reflection  coefficients  are  calculated  only  once 
for  each  filter  state  and  static  block  of  data.  In  other 
apphcations,  however,  such  as  that  presented  here,  it 
is  desirable  to  use  serial  processing,  where  a  new  value 
of  the  reflection  coefficient  is  calculated  with  the  ar¬ 
rival  of  each  new  data  sample.  This  has  the  advan¬ 
tages  of  (a)  achieving  better  tracking  of  nonstationary 
signals,  and  (b)  filter  outputs  being  available  immedi¬ 
ately  (and  continuously).  There  is  the  disadvsmtage  of 
some  reduction  of  accuracy  for  stationaiy  signals, 
compared  to  the  block  processing.  Rather  than  totally 
recomputing  the  reflection  coefficients  with  each  new 
data  sample,  they  may  now  be  computed  recursively 
(updated  vrith  each  new  sample).  Starting  with  an  ini¬ 
tial  (arbitrary)  value,  the  reflection  coefficient  is  up¬ 
dated  by  correction  terms,  which  are  calculated  to  pro¬ 
vide  the  greatest  reduction  of  prediction  errors  per 
correction  unit.  Also,  it  is  generally  desirable  to  apply 
a  weighting  factor  to  the  prediction  error  terms  used 
in  these  calculations.  This  allows  the  filter  to  essen¬ 
tially  "forget"  the  effects  of  samples  beyond  a  certain 
distance  or  time  (which  may  not  represent  current 
signal  statistics),  including  any  start-up  effects.  It 
should  be  noted  that  weighting  the  prediction  errors  is 
not  in  any  way  equivalent  to  weighting  the  input  sam¬ 
ples,  which  would  result  in  a  stationary  signal  of  re¬ 
duced  resolution. 

We  will  present  two  methods  of  recursive  calculation 
of  the  reflection  coefficients.  Other  methods  exist, 
but  these  two  exhibit  the  controlled  convergence  prop¬ 
erties  required  for  use  as  a  radar  clutter  suppression 
filter. 


(3)  4..2  Serial  Implementation  Using  the  Stan- 

E[|f_^_,(n)|^  ♦  Orad/ent  Method 


where  E  is  the  expectation  operator. 


The  first  method  is  called  the  standard  gradient 
method  because  it  is  the  method  that  is  generally  ar¬ 
rived  at  by  applying  gradient  techniques  to  the  lattice 
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equation  ’  .  The  standard  gradient  method  consists 
of  replacing  the  expectations  of  the  vtirious  terms, 
used  for  the  reflection  coefficient  calculation,  with 
corresponding  averages  in  which  and  exponential 
weighting  has  been  added  to  the  individual  values. 
This  weighting  allows  the  characteristics  of  older  data 
samples  to  be  progressively  forgotten,  giving  greater 
important  to  current  data.  The  reflection  coefficients 
thus  estimated  are  given  by: 

-2  I  [u^"“  ‘  f  (i)  b»  (i-1)] 

'  ,  ,  i  =  1  n  rn 

=  -s — — - 

where  ai  is  a  weighting  constant,  normally  in  the  range 
0  <  p  <1.  Small  values  of  (i  result  in  quick  adapta¬ 
tion  to  new  signal  characteristics,  while  values  of  p 
near  one  result  in  slower  ron'’''rget;cc  the  reduc¬ 
tion  of  noise  by  integration. 

The  reflection  coefficient  estimator  of  Eq.  (4)  differs 
from  that  used  for  block  processing  in  tow  fundamen¬ 
tal  respects: 

(a)  The  inclusion  of  the  weighting  constant  p  makes 
the  estimator  of  Eq.  (4)  having  a  fading  memory.  On 
the  other  hand,  with  p  •  1  (the  block  processing  case), 
the  estimator  has  a  non-fading  memory. 


4.3  Serial  Implementation  Using  the  Sim¬ 
ple  Gradient  Method 


The  other  method  of  recursively  calculating  the  re¬ 
flecting  coefficients  is  called  the  simple  gradient 
method,  due  to  the  use  of  an  approximation  which  re¬ 
sults  in  a  simpler  implementation  than  the  more 
common  standard  gradient  method^®.  This  method 
starts  by  considering  the  new  coefficient  as  being  the 
sum  of  the  old  coefficient  and  a  correction  term,  which 
is  the  difference  between  the  new  and  old  values  of 
the  coefficient.  With  a  little  manipulation,  we  find 
that  the  simple  gradient  algorithm  may  be  written 


*  ,  ,  ,  *  ^r_(n)  f  tn) 

°  - 2 - 5  .(8) 


where 

,(n) 

We  see  that  for  the  steady  state  (constant  power)  case, 
yj^(n)  =  1/n  where  n  is  the  number  of  data  samples 
processed.  If,  however,  yj„(n)  is  held  constant  in  the 
calculation,  then  it  may  be  replaced  by  using  the 
weighting  factor  w  as  defined  in  the  formula 


u  s  1  -  Y  s  1  -  1/n' 


(10) 


(b)  The  lower  limit  in  the  summation  in  Ekj.  (4)  is  a 
fixed  integer,  namely,  one.  With  increasing  n,  this  sit¬ 
uation  therefore  represents  a  growing  memory.  For 
block  processing,  on  the  other  hand,  The  lower  limit 
equals  m  +  1  for  a  filter  order  m;  accordingly,  for  fixed 
values  of  m  and  block  length  N,  this  second  situation 
represents  a  fixed  memory. 


where  n’  is  the  theoretical  data  adaptive  length  of  the 
filtering  action.  The  resulting  constant  w  has  a  value 
in  the  range  0  <  w  <  1,  with  smaller  values  given 
quicker  adaptation.  Rewriting  Eq.  (8)  with  w  gives 

o^,(n)  =.  »P^,(n-1)  +  o_^(n)  f^{n)  bJCn-l)  (11) 


The  exponentijil  form  of  the  weighting  function  is 
chosen  because  it  can  be  appUed  as  part  of  a  simple  re¬ 
cursive  implementation.  Thus,  with  each  new  sample, 
a  new  value  for  j(n)  is  calculated  from 


where. 


(6) 


and 

To  apply  the  algorithm,  we  start  with  the  initial  condi¬ 
tions  j(0)  =  y^^  j(0)  =  0  for  all  m. 


where  the  adaptive  step  size  Oj^(n)  equals 


o  (n)  r 
D 


_ -2(1  -  Oi) _ 


An  impUcit  condition  on  the  recursive  relationship  of 
Eq.  (11)  is  that  the  power  of  the  prediction  error  f^jin) 
or  bjjj(n)  is  not  a  time-varying  function,  this  condition 
results  in  a  somewhat  poorer  response  for  nonstation- 
euy  inputs,  when  compared  with  the  standard  gradient 
method.  However,  this  shortcoming  is  partially  offset 
by  the  desirable  convergence  properties,  and  the  re¬ 
duced  storage  and  computation  time  requirements  of 
the  simple  gradient  method  (which  are  less  than  the 
standard  gradient  method  by  20%  and  30%  respec¬ 
tively). 
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5.0  Experimental  Data 

The  purpose  of  this  section  is  to  describe  that  radar 
environment  and  given  examples  of  the  signals  ob¬ 
tained  from  it  under  varying  conditions.  These  signals 
include  aircraft,  bird  flocks,  ground  clutter  £uid 
weather  clutter  resulting  from  rain,  snow,  ice-peUets 
and  atmospheric  inversion  systems.  The  presentation 
of  these  latter  signals  will  show  the  inadequacy  of  tra¬ 
ditional  cutter  processing. 

The  data  used  in  this  study  was  recorded  form  a  Texas 
Instruments  ASR-8  surveillsmce  (air-traffic  control) 
radar  located  at  the  Bagotville  Canadian  Forces  Base 
in  the  province  of  Quebec,  Canada.  The  radar  used  a 
Klystron  transmitter  operating  at  2768  Mil/.,  with  a 
pulse  duration  of  0.6  psec.  and  repetition  rate  of  1041 
Hz  (staggered).  The  baseband  inphase  and  quadra¬ 
ture  detected  signals  were  recorded  on  a  wideband 
video  recorder  for  subsequent  computer  analysis 
(more  details  on  this  system  are  contained  else¬ 
where'^). 

Included  in  the  data  were  a  number  of  examples  of 
bird  flocks  (migrating  snow  geese),  which  produced 
signals  very  similar  to  those  of  slow  moving  aircraft. 
Some  analysis  was  done  on  these  signals  in  which  the 
bird  flocks  became  the  targets  used  to  asses  the  fil¬ 
tering  performance,  replacing  the  aircraft  signals  used 
otherwise.  The  use  of  bird  flock  data  as  a  type  of  tar¬ 
get  signal  may  at  first  seem  contradictory,  as  bird- 
flock  returns  are  generally  considered  clutter.  There 
is  some  justification  for  taking  this  course,  however. 

A  major  argument  for  considering  bird  flocks  as  tar¬ 
gets  is  the  consideration  of  air  safety,  as  birds  pose  a 
real  collision  threat  to  aircraft,  especially  when  the 
aircraft  are  landing  and  taking  off.  It  seems  very  de¬ 
sirable  to  treat  bird-flock  retiums  as  targets  to  be 
avoided,  rather  than  as  clutter  to  be  ignored  and 
eliminated.  The  performance  of  the  standard  MTl  fil¬ 
ters  presently  used  by  most  radars  can  best  be  de¬ 
scribed  as  hit-and-miss  for  this  sort  of  data.  Faster 
flocks  are  detected  as  targets,  while  returns  f rom 
slower  flocks  are  eliminated  as  clutter.  The  lattice- 
structure  filters  presented  here,  however,  detect  the 
flocks  as  targets  with  a  high  degree  of  consistency. 

In  order  to  remove  weather  returns  from  the  MTI  dis¬ 
play,  many  radars  use  constant-false-alarm-rate 
(CFAR)  processing.  This  processing  tests  each  data 
point  from  MTI  filter  against  a  threshold  of  the  aver¬ 
age  value  from  surrounding  points.  Detected  returns 
covering  a  large  area  (such  as  weather  clutter)  are  re¬ 
duced  to  the  level  of  system  noise,  while  isolated  re¬ 
turns  (targets)  are  largely  unaffected  (in  theory).  The 


CFAR  display  is  not  much  of  an  improvement,  how¬ 
ever,  as  target  returns  occurring  in  regions  of  strong 
clutter  are  also  eliminated  from  the  display.  Thus,  the 
conventional  MTI  filter’s  inability  to  distinguish  be¬ 
tween  moving  clutter  and  targets  becomes  a  real 
problem.  This  is  the  problem  for  which  the  adaptive 
lattice-structure  filter  is  intended  to  be  a  solution. 

Precipitation  clutter  seen  during  the  study  period  at 
Bagotville  included  periods  of  rain,  snow,  and  ice  pel¬ 
lets  (freezing  rain),  which  were  recorded  and  analyzed. 
In  all  these  cases,  significant  portions  of  the  radar  PPI 
screen  were  obscured  by  the  clutter,  creating  the 
problems  discussed  in  the  previous  section. 

A  final  type  of  clutter  dealt  with  is  inversion  clutter, 
thought  to  be  ground  echoes  refracted  or  reflected  by 
layers  of  denser  air  near  the  groimd.  This  t3q3e  of 
clutter  was  generally  recorded  on  clear,  cold  evenings 
with  moderate  winds,  following  a  mild  day.  The  MTI 
display  would  usually  show  two  "blobs'  of  scattered 
fluctuating  pints,  aligned  with  the  wind.  (In  other 
displays  of  this  type  of  clutter,  the  points  have  short 
tails,  all  ahgned  radically  to  the  display  center).  The 
identification  of  atmospheric  inversion  as  the  source 
of  clutter  attributed  to  it  here  is  not  certain.  This  sort 
of  clutter  is  often  called  "angel  clutter",  and  some  re- 
ports  suggest  that  it  is  caused  mainly  by  birds  .  This 
seems  unlikely  for  three  reasons.  They  are:  (a)  No 
birds  were  seen  in  the  area  at  the  times  when  the  clut¬ 
ter  was  present;  (b)  The  clutter  movement  was  aligned 
with  the  wind  direction  (and  therefore  presumably 
related);  and,  (c)  The  clutter  always  occurred  during 
the  same  weather  conditions.  These  were  late  after¬ 
noons  or  evenings  with  clear  skies  when  the  tempera¬ 
ture  was  dropping  rapidly.  These  are  conditions  which 
often  lead  to  the  formation  of  an  inversion  layer  near 
to  the  ground '®.  This  comes  about  when  the  ground 
cools  faster  than  the  air  mass  above  it,  resulting  in  a 
fairly  stable  layer  of  denser  air.  Movement  of  the 
layer  or  its  boundaries  could  impart  a  Doppler  shift  to 
signals  refracted  or  reflected  by  it,  resulting  in  MTI 
detection,  however,  whether  or  not  this  is  the  true 
cause  of  this  t)qpe  of  clutter  is  not  very  important  to 
this  study. 

Computational  requirements  limited  to  the  amount  of 
the  recorded  data  which  could  be  fully  analyzed.  Se¬ 
lected  range  rings  of  data  were  analyzed,  including 
several  examples  of  every  type  of  clutter  present  in 
the  data.  In  all  cases,  the  performEmces  of  the  filters 
were  very  similar  for  all  the  samples  of  a  particular 
clutter  type,  even  though  these  samples  were  from 
different  ranges  and  recorded  at  different  times.  In 
addition,  all  aircraft  and  bird  flocks  which  could  be 


m-A 


found  in  the  data  and  properly  identified  were  sam-  in  the  filter  to  the  clutter  gains  in  the 

pled.  same  filter 


The  radar  installation  from  which  the  data  was  col¬ 
lected  make  use  of  a  staggered  pulse-repetition  fre¬ 
quency  (PRF),  with  four  sequenced  periods.  This  can 
present  a  problem  to  the  lattice-structure  filter,  which 
as„'.;mes  a  constant  time  period  between  samples.  The 
solution  used  in  this  paper  was  the  parallel  operation 
of  four  separate  lattice  filters,  each  taking  only  every 
fourth  sample  in  series.  The  outputs  of  the  four  lat¬ 
tice  filters  were  then  averaged  together  for  simplicity, 
as  were  the  input  and  MTI  output  signals  for  the  same 
four  sample  pulses. 

Because  of  the  parallel  filtering  structure,  and  the 
non-stationary  nature  of  the  data,  it  could  be  expected 
that  the  optimum  values  of  the  adaptive  constants 
used  for  the  lattice-structure  filters  would  be  qu  te 
low.  In  fact,  as  will  be  shown  in  section  5,  the  best 
performance  is  achieved  with  w  =  0.0  for  the  simple 
gradient  (i  =  0.1  for  the  standard  gradient  method.  At 
these  values,  the  filters  are  able  to  partially  adapt  to 
the  targets  as  well  as  the  clutter,  and  target  detection 
i.s  based  on  the  response  to  the  transition  region  be¬ 
tween  clutter  and  target.  In  this  region,  the  signal 
statistics  belong  to  neither  clutter  nor  target,  but  are 
changing  between  the  two. 

In  the  course  of  examining  the  recorded  data,  five  air¬ 
craft  targets  which  could  be  reliably  identified  were 
found.  These  five  targets  may  seem  to  be  a  small  data 
base  from  which  to  form  any  conclusions  or  derive  any 
statistics.  However,  they  eu-e  representative  of  the 
mid-size  aircraft  found  at  many  airports,  and  more 
importantly  cover  the  range  of  radial  (Doppler)  veloci¬ 
ties,  including  zero,  typical  of  such  aircraft. 


6.0  Performance  Rvaluation 


6.t  I m provement  Factors 


The  improvement  factor  of  a  radar  clutter  filter  is  de¬ 
fined  as:  "the  signal-to-clutter  ratio  at  the  output  of 
the  .system  divided  by  the  signal-to-clutter  ratio  at  the 
input  system,  averaged  uniformly  over  edl  target  ra- 
dial  velocities  of  interest"  .  This  can  be  written  as: 


I 


(13) 


Using  the  signals  from  the  five  aircraft  pe^lk  ampli¬ 
tudes  at  the  filter  inputs  and  outputs  were  measured 
and  the  five  resulting  gains  were  averaged  together  to 
form  a  single  target  gain  for  each  filtering  set-up. 

Five  targets  may  seem  to  be  small  number  to  form  a 
"uniform"  average,  but  these  targets  do  represent  a 
fair  cross-section  of  the  possible  velocities  (including 
zero).  Besides,  these  were  the  only  such  signals  read¬ 
ily  available,  and  thus  became  the  targets  "of  interest ". 

The  clutter  gains  were  measured  by  averaging  the 
signal  amplitudes  over  the  entire  range  ring,  and  tak¬ 
ing  the  ratio  of  the  average  output  power.  These 
gains  were  measured  for  more  than  one  range-ring  of 
each  type  of  clutter,  with  the*^?  nogs  generally 
recorded  at  different  range  and  times,  euf  ore  uni¬ 

formity  of  the  results. 

The  improvement  factors  plotted  in  this  chapter  were 
calculated  using  the  average  of  clutter  gains  from  sev¬ 
eral  such  range-rings  of  each  clutter  type;  however, 
improvement  factors  were  also  calculated  using  the 
gains  of  the  individual  rings.  In  general,  the  mea¬ 
sured  improvement  factors  for  the  single  clutter  rings 
and  for  the  average  for  a  clutter  type  were  within  1/2 
dB,  except  where  noted.  The  exceptions  involved  only 
the  MTI  filters  and  apparently  related  to  the  overall 
velocity  of  the  specific  clutter  record.  As  the  above 
variance  was  much  less  than  that  between  different 
clutter  types,  this  was  taken  as  evidence  that  the  se¬ 
lected  range-rings  were  representative  of  the  clutter 
present. 

The  measured  improvement  factors,  as  a  function  of 
filter  order,  are  plotted  in  Figures  2  to  6  for  ground, 
rain,  snow,  ice-pellet,  and  inversion  clutter,  respec¬ 
tively.  Each  of  these  plots  has  three  curves;  one  for 
the  MTI  filter,  and  one  each  for  the  simple  gradient 
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where  T  and  C  are  the  target  and  clutter  powers.  In 
applying  this  performance  measure  to  the  actual  radar 
data  collected  for  this  paper  the  improvement  factors 
(I)  were  calculated  from  the  ratios  of  the  target  gains 


Figure  2:  Improvement  factors  for  ground  clutter 
(Solid  line  is  simple  gradient  filter,  dashed  line  is 
standard  gradient  filter,  and  dot-dash  line  is  MTI  fil¬ 
ter) 
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Figure  3;  Improvement  factors  for  rain  clutter  (Solid 
line  is  simple  gradient  filter,  dashed  line  is  standard 
gradient  filter,  and  dot-dash  line  is  MTl  filter) 
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Figure  4:  Improvement  factors  for  snow  clutter  (Solid 
line  is  simple  gradient  filter,  dashed  line  is  standard 
gradient  filter,  and  dot-dash  line  is  MTI  filter) 


t 


O 

a 

t 


'^0  r  T  6  8  '  10 

filter  order  m 

Figure  5;  Improvement  factors  for  ice-pellet  clutter 
(Solid  line  is  simple  gradient  filter,  dashed  line  is 
standard  gradient  filter,  and  dot-dash  line  is  MTI  fil¬ 
ter) 


Figure  6:  Improvement  factors  for  inversion  clutter 
(Solid  line  is  simple  gradient  filter,  dashed  line  is 
standard  gradient  filter,  and  dot-dash  line  is  MTI  fil¬ 
ter) 


and  standard  gradient  implementations  of  the  lattice 
filter.  The  lattice-structure  filters  had  adaptive  con¬ 
stant  values  of  0.2. 

The  set  of  curves  for  the  lattice  filters  presents  a  very 
similar  pattern  in  each  of  these  five  figures,  with  the 
only  significant  difference  being  in  the  overall  level  of 
the  set  of  curves.  Even  this  was  fairly  constant,  with 
rain,  snow,  and  ground  clutter  all  resulting  in  ap¬ 
proximately  the  same  improvement  factor  levels  (for 
each  lattice  filter).  The  improvement  factors  were 
about  3  dB  lower  for  ice-pellet  clutter.  A  common  fac¬ 
tor  in  all  the  lattice  filter  curves  is  the  increase  in  im¬ 
provement  factor  with  increasing  filter  orders,  sug¬ 
gesting  that  there  is  an  upper  limit  to  the  improve¬ 
ment.  As  expected,  the  standard  gradient  method  of 
adaptively  implementing  the  lattice  filter  performed 
better  than  the  simple  gradient  method. 

Another  factor  of  interest  in  the  lattice  filter  response 
is  the  effect  of  the  adaptive  constant.  Generally, 
lower  values  of  adaptive  constant  resulted  in  better 
performance.  Figure  7  plots  improvement  factors  ver¬ 
sus  adaptive  constants  for  both  implementation  meth¬ 
ods  (filter  order  =  9),  and  for  three  of  the  clutter 
types.  (The  other  clutter  types  give  very  similar  per¬ 
formance).  The  best  values  of  adaptive  constant  for 
the  standard  gradient  method  occur  in  the  range  from 
0  to  0.2,  with  an  optimum  value  of  /i=0.i.  For  the 
simple  gradient  method,  on  the  other  hand,  the  opti¬ 
mum  performance  occurs  only  at  w=0.  (Note;  at 
w=#i=0,  both  methods  simplify  to  a  common  set  of 
equations). 

The  curves  in  Figures  2  to  6  for  the  MTI  filter,  unlike 
those  for  the  lattice  filters,  show  considerable  varia¬ 
tion  with  the  type  of  clutter.  The  MTI  filter  per¬ 
formed  best  for  ground  clutter  and  worst  for  ice-pellet 
clutter.  In  addition,  there  was  some  variation  in  per¬ 
formance  within  specific  clutter  types,  probably  due  to 
the  velocity  of  the  clutter.  In  particular,  single  range- 
rings  for  snow  and  inversion  clutter  both  resulted  in 
MTI  performance  about  2  dB  below  that  show  in  Fig¬ 
ures  2  and  6  for  an  average  of  several  rings.  Some 
tests  were  also  made  using  bird  targets  instead  of  the 
aircraft.  This  resulted  in  a  further  3  dB  reduction  in 
MTI  performance,  with  little  effect  on  the  lattice  fil¬ 
ters.  The  effect  of  MTI  filter  order  also  varied,  de¬ 
pending  on  the  type  of  clutter.  For  rain  clutter,  the 
improvement  factor  increased  with  filter  order,  up  to 
m  =5.  For  the  other  clutter  types,  however,  there  was 
little  increase  beyond  m=2,  (In  fact,  for  some  range- 
rings  of  clutter,  there  was  a  decrease  in  level  with  in¬ 
creasing  filter  order).  This  tends  to  validate  the  com¬ 
mon  choice  of  m =2  for  conventional  radar  MTI  filters. 
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Figure  7:  Improvement  factors  versus  adaptive  con¬ 
stant  for  m  =  9  (Solid  bne  is  simple  gradient  filter, 
dashed  line  is  standard  gradient  filter) 


The  relative  performance  of  the  lattice  and  MTl  fil¬ 
ters  can  be  assessed  from  Figures  2  to  6.  The  most 
important  observations  are  that  the  lattice  filter  al¬ 
ways  performed  as  well  as,  or  better  than,  the  MTI  fil¬ 
ter,  and  that  the  lattice  filter  performed  consistently 
well.  The  improvement  factors  of  the  lattice  and  MTI 
filters  were  approximately  the  same  for  ground  clut¬ 
ter,  while  for  inversion  clutter  the  lattice  was  3  to  5  dB 
better,  and  for  precipitation  clutter  the  lattice  was  4  to 
6  dB  better. 

This  does  not  tell  the  whole  story,  however.  When  the 
whole  range-ring  is  analyzed  as  a  unit,  the  perfor¬ 
mance  is  averaged  over  the  whole  spread  of  Doppler 
velocities  present  in  the  clutter.  Also,  some  ground 
clutter  is  present  in  every  range-ring.  If  only  small 
sections  of  a  range-ring  are  considered  (as  was  done  in 
.section  4),  the  performance  ranges  from  nearly  identi¬ 
cal  (for  well-behaved  clutter  moving  tangentiady),  to 
improvement  factors  with  as  much  as  20  dB  differ¬ 
ence,  in  favour  of  the  lattice.  Figure  8  shows  a  his¬ 
togram  of  the  improvement  factors  for  21  such  sec¬ 
tions,  selected  from  all  types  of  clutter  (maunly  at 
points  of  highest  and  lowest  clutter  velocities).  Al¬ 
though  not  too  significant  in  a  statistical  sense,  this 
figure  does  show  the  wider  spread  of  improvement 
factor  values  for  the  MTI  filter  compared  to  the  lattice 
filter.  Also,  the  MTI  filter  improvement  factors  are 
often  negative  (degrading  performance),  unlike  the 
lattice  filter  improvement  factors,  which  never  go 
negative. 


FTgure  8:  Histogram  of  sectional  improvement  factors 
for  m =5  (black  is  standard  gradient  filter,  white  is 
MTI  filter) 


6.2  Sub-Clutter  Visibility 

Sub-clutter  visibility  (SCV)  is  defined  as  ’The  ratio  by 
which  the  target  echo  power  may  be  weaker  than  the 
coincident  clutter  echo  power  and  still  be  detected 
with  specified  detection  and  false-alarm  probabiUties. 
Target  and  clutter  power  are  measured  on  a  single 
pule  return  and  all  target  radial  velocities  are  assumed 
equally  likely”  .  For  this  paper,  we  shall  soften  the 
definition  slightly  by  assuming  that  the  radial  veloci¬ 
ties  of  the  five  aircraft  targets  used  are  good  enough 
approximation  of  "...equally  likely''.  Pp  and  are 
here  specified  a  0.5  and  0.01,  respectively:  and  SCV 
values  arc  derived  from  the  corresponding  SCR  values 
measured  as  part  of  an  extensive  receiver  operating 
characteristic  (ROC)  analysis. 

The  sub-clutter  visibility,  as  a  function  of  filter  order, 
is  presented  in  Figures  9  to  13  for  ground,  rain,  snow, 
ice-pellet,  and  inversion  clutter,  respectively.  Higher 
SCV  values  indicate  better  performance.  There  are 
three  curves  in  each  figure,  one  for  MTI  filtering,  one 
for  lattice  filtering  using  the  simple  gradient  method 
(w  =  0.2),  and  one  for  lattice  filtering  using  the  stan¬ 
dard  gradient  method  (p=0.2).  The  SCV  performance 
of  the  lattice  filters  as  a  function  of  adaptive  constant 
peaked  at  w=0  for  all  clutter  types  with  the  simple 
gradient  method,  while  for  the  standard  gradient 
method  the  peak  values  were  found  with  p  in  the 
range  from  O.to  0.1. 

As  before,  these  figures  show  the  lattice  filters  out¬ 
performing  or  equalling  the  MTI  filter.  Looking  at 
the  SCV  performance,  given  a  filter  order  of  five  for 
example,  the  best  lattice  filter  response  equalled  the 
MTI  filter  response  for  ground  clutter,  and  exceeded  it 
by  6  dB  for  ice-pellet  clutter,  6  dB  for  rain  clutter,  9 
dB  for  snow  clutter,  and  1 1  dB  for  inversion  clutter. 


Figure  9:  Subclutter  visibility  for  ground  clutter  (Solid 
lino  is  simple  gradient  filter,  dotted  line  is  standard 
gradient  filter,  and  dashed  line  is  MTI  filter) 
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Kipure  10:  Subclutter  visibility  for  rain  clutter  (Solid 
line  is  simple  gradient  filter,  dotted  line  is  standard 
gradient  filter,  and  dashed  line  is  MTl  filter) 
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Figure  1 1 :  Subclutter  visibility  for  snow  clutter  (Solid 
line  IS  simple  gradient  filter,  dotted  line  is  standard 
gradient  filter,  and  dashed  line  is  MTl  filter) 
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Figure  12:  Subclutter  visibility  for  ice-pellet  clutter 
(Solid  line  is  simple  gradient  filter,  dotted  line  is 
standard  gradient  filter,  and  dashed  line  U  MTl  filter) 
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Figure  13:  Subclutter  visibility  for  inversion  clutter 
(Solid  line  is  simple  gradient  filter,  dotted  line  is 
standard  gradient  filter,  and  dashed  line  is  MTl  filter) 

The  lattice  filters  showed  a  steady  increase  in  perfor¬ 
mance  with  filler  order,  while  the  performance  of  the 
MTl  filter  was  relatively  independent  of  filter  order. 
The  standard  gradient  method  was  better  than  the 
simple  gradient  method  in  these  examples.  For  inver¬ 
sion  clutter,  the  lattice  filters  did  especially  well  on 
the  absolute  scale. 

7  0  Discussion 

In  conclusion,  the  results  presented  here  should  not  be 
considered  as  an  absolute  measure  of  the  performance 
of  the  lattice-structure  filter  or  this  application. 
Rather,  this  presentation  should  be  considered  as  a 
"proof -of -concept”  for  this  application  of  the  structure. 
What  has  been  shown  here  is  that  the  lattice  filter  re¬ 
liably  reduces  clutter  signals  (compared  to  target  sig¬ 
nals)  and  consistently  out-performs  the  MTl  filter,  and 
that  it  does  so  using  a  simple  structure  and  under  ad- 
vj.Tt  corditici,.,.  I't  ■  bn  noted  that  the  radar 

signals  used  in  this  study  were  limited  to  a  SNR  of  36 
dB  by  the  recording  equipment  used). 

Both  implementations  of  the  lattice  filter  performed 
well,  but  he  standard  gradient  method  performed 
slightly  better,  as  expected.  However,  in  an  opera¬ 
tional  system,  the  simple  gradient  method  might  be 
preferred,  due  to  its  lower  memory  and  time  require¬ 
ments,  which  might  allow  a  larger  filter  order  within 
the  system  limitation  than  the  standard  gradient 
method.  In  fact,  allowing  w  to  go  to  zero  (eliminating 
the  coefficient  memory),  further  increases  the  mem¬ 
ory  savings  and  speed  of  the  algorithm,  while  still 
giving  good  results.  Based  on  the  results  presented 
here,  it  can  be  said  *'  nt  the  adaptive  lattice  filter  rep¬ 
resents  a  very  promising  structure  for  radar  clutter 
processing. 
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DISCUSSION 


F.  Le  Chevalier,  FR 

F" an  you  comment  about  the  equivalent  number  of  resolution  cells  used  for  the 
adaptation,  in  relation  with  point-like  clutter  or  nonhomogeneous  clutter? 

Author's  Reply 

The  equivalent  number  of  resolution  cells  is  quite  small;  on  the  order  of  ten.  An  e.xact 
number  is  not  possible  becasuse  the  filter  uses  a  fading  memory  approach. 
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ARS TRACT 

The  paper  deals  with  modulation  on  the 
echo  signal  generated  by  rotating 
nachinery  of  an  air  target. 

An  extensive  measurement  campaign  has  been 
carried  out  by  means  of  an  Air  Traffic 
Control  radar  and  some  preliminary  results 
are  presented. 

The  problem  of  target  spectra 
c  h  at  ac  ter  1  z  at  i  on  and  exploitation  for 
detection  enhancement  and  target 
1  dent  i  f  ica',  ion  ,  is  considered  in  relation 
with  the  limitation  imposed  by  the  present 
r  a  d  .a  r  features. 

Some  considerations  regarding  the 
appl  itatinn  of  t*'is  technique  for  Non 
.'o'perative  Target  Recognition,  in  the 
radar  of  fiture  generation,  ate  developed. 


1  INTPODUCTrCN 


The  problem  of  air  target  spectra 
c h a r ac t e r 1 z a 1 1  on  and  how  these  spectra  can 
be  usefully  exploited  both  for  detection 
enhancement  and  target  identification  is 
cha'lenqing  and  still  open.  It  is  known 
that  radar  signal  from  aircraft  is 
modulated  by  rotating  propellers  or 
turbine  blades  of  jet  engines,  which  cause 
side  lines  in  the  echo  signal  spectrum, 
where  the  center  is  the  Doppler  line  of 
the  rigid  body  of  the  aircraft.  The  energy 
associated  to  these  side  lines  may  be 
significant  with  respect  to  the  total 
energy  echoed  by  the  aircraft.  Therefore 
the  spectrum  of  the  echo  may  not  be  longer 
considered  as  a  single  Doppler  line  caused 
by  radial  velocity. 

The  fine  structure  of  the  spectrum  carries 
also  the  imprinting  of  the  engine 
characteristics  which  in  turn  identifies 
the  aircraft.  The  knowledge  of  the 
spectrum  shape  of  the  echo  signal,  in 
prin.'iple,  makes  possible  to  revisit 


conventional  signal  processing  algorithm 
in  order  to  improve  detection,  by 
resorting  to  adaptive  filtering  matched  to 
target  spectrum. 

In  order  to  acquire  real  data,  a  flexible 
registration  tool,  applied  to  an  S-band 
ATC  radar,  has  been  assembled.  At  each 
scan  it  samples,  with  a  high  data  rate, 
the  in-phase  and  quadrature  components  of 
the  base-band  signal  in  a  prefixed  window 
of  the  radar  sky  and  transfer  it  from  the 
internal  buffer  in  a  memory  for  an 
off-line  analysis. 

The  registration  campaign,  up  to  now 
limited  to  commercial  aircraft,  is  still 
in  progress,  but  some  significant  samples 
are  presented  with  some  concepts  and 
results  on  benefits  of  using  these  spectra 
for  detection  enhancement  and  target 
identification.  In  addition  intrinsic 
limitations  due  to  the  characteristics  of 
the  used  radar  are  outlined  and  special 
c adar  mode  to  overcome  them  is  envisaged. 


2  ACQUISITION  SYSTEM 


The  designed  and  assembled  acquisition 
system,  digitizing  video  radar  signals,  is 
a  Personal  Computer  (PC)  controlled 
structure,  suitable  for  operations 
synchronized  with  various  radar  driving 
waveforms . 

It  can  operate  in  an  autonomous  way  by 
showing  in  teal  time  on  the  PC  display  the 
synthetic  PPI  based  on  the  plot  data  of 
the  radar  itself. 

It  works  through  an  acquisition  window 
whose  dimensions  are  selected  between  wide 
limits  and  it  can  potentially  perform  up 
to  100  Msample/s  per  channel  (4  channels 
simultaneously)  and  12  bit/sample. 

The  system  is  mainly  constituted  by  the 
following  four  parts: 


An  auxiliacy  Personal  Computer 
for  airplane  position  and  window 
presentation,  and  as  interface 
with  the  operator  for  parameter 
se  lec  t  i  on  . 

Digitizing  apparatus  (Lectoy 
6810)  which,  synchronized  by  the 
Range  Bin  Clock  ( RBC )  and  sweep 
trigger  signals  performs  the  A/D 
conversion  on  the  two  I  and  Q 
video  signals.  The  data  storage 
is  performed  in  its  own  transfer 
memory  (12  bit/sample). 

Main  PC  computer  controlling  all 
the  functions  of  the  sampling 
equipment.  Automatically  the  P.C. 
allows  the  sampling  to  take  place 
only  in  the  selected  acquisition 
window.  The  output  signals,  from 
the  transfer  memory,  are  pouted 
off  in  the  main  computer  and 
wr  1  1. 1  e  n  in  files. 

Auxiliary  circuits  to  count  the 
Azimuth  Counter  Pulse  (ACP)  fur 
sy  nc  hr  on  i  2  a  r  1  on  the 

acquisition  window. 

In  ad'.lition  to  the  video  signal 

.K.qu  1  s  1 1  i  on  ,  the  tr  iqqer  -  to- tr  igqei  time 

ir"  acquired,  (resolution  1  usee). 
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."he  hardware  structure  of  the  acquisition 
system  has  been  oriented  toward  the  use  of 
..arts  as  standard  as  possible.  Modular 
structure  were  also  used  to  fit  different 
measurement  situations. 

With  reference  to  the  Fig.  1  the  auxiliary 
PC  acquires  the  radar  plot  information 
through  its  parallel  port.  The  format  is 
qor.m  sinchtonized  by  a  9600  Hz  signal. 

Such  information  is  processed  and  shown  on 
the  display  in  a  synthetic  way.  The 
iperator,  looking  at  the  display,  decides 


which  he  has  to  acquire. 

The  .A/D  conversion  system  is  a 
mu  1 1 ichanne 1 ,  modular  apparatus  driven  by 
an  interface.  It  include  a  transfer  memory 
of  about  0.5  Msample  (extensible  to  10 
Msamp le  )  . 

Control  operations  performed  by  the  PC  on 
the  acquisition  apparatus  are  mainly 
concerned  with  the  dimension  of  the 
transfer  memory,  number  of  channels, 
signals  dynamic,  number  of  segments 
(sweeps)  to  be  acquired,  external  trigger 
synchronization,  trigger  delay, 
acquisition  start,  etc. 

The  range  window  is  controlled  either  by 
the  sweep  trigger  delay  or  by  the  signal 
segment  size.  In  addition,  for  faster  data 
transfer,  the  range  interval  can  be 
further  reduced  by  storing  in  files  only 
portions  of  the  signals. 

The  range  and  azimuth  of  the  window  center 
can  be  optionally  entered  by  the  operator 
taking  into  account  the  data  obtained  from 
the  PPI  presentation  of  the  radar  itself. 


2.2  PERFORMANCE 


The  system  works  with  a  set  of  acquisition 
programs  and  a  set  of  auxiliary  quick  look 
ptogtams  which  allow  a  great  reliability 
during  the  measurement  campaign. 

Many  tests  are  possible  on  the  apparatus 
itself.  Furthermore  preliminary 
acquisitions  can  be  done  to  determine  the 
operating  c  hat  ac  te  r  i  s  t  ics  of  the  radar 
(antenna  rotation  period,  PRF,  stagger, 
plot  data  format,  etc.). 

The  used  configuration  employs  acquisition 
windows  of  64  sweeps  and  128  range  samples 
(5.76  degrees  and  5.53  nm i )  with  12 
bit/sample.  The  I  and  Q  signals  are 
contemporaneously  digitized  at  a  frequency 
of  1 .875  MHz . 


The  programs  are  implemented  in  Microsoft 
Quick  Basic  and  in  Assembler  where  faster 
operations  ace  requested. 


3  RADAR  SYSTEM 


All  the  measurements  presented  here  have 
been  carried  out  at  Fiumicino  Airport 
(Rome).  The  TMA  radar  site  includes  a 
primary  S-band  radar,  in  dual  channel 
configuration,  and  a  secondary  monopulse 
IFF  radar  completely  redundant. 

The  primary  radar  can  operate  either  in 
single  channel  configuration,  or  in  dual 
channel  (diversity). 


Fiq.  I 


Radar  Data  Acauis’tion  System 
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3 . 1  PRIMARY  RADAR 


3.2  SECONDARY  RADAR 


The  primary  radar  is  a  fully  coherent 
radar  using  a  Klystron  amplifier  as  power 
transmitter.  The  transmission  frequency  is 
fixed . 

The  relevant  block  diagram  is  shown  in 
fig.  2. 


:  fftoixwc' 
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Fig.  2  ATCR  33-K  RF-IF  BIo^k  Diagram 

The  G33  antenna  is  a  dual  beam, 
supercosecant  squared,  reflector  antenna 
rotating  at  15  RPM . 

In  normal  operation  the  radar  transmits  a 
burst  of  3  pulses  at  the  same  PRF;  the 
pulses  are  linearly  processed  in  the 
receiver,  down  converted,  phase  detected 
(I  and  0  channels),  sampled  in  12  bits  and 
coherently  integrated  in  a  Moving  Target 
Detector  (MTD)  processor. 

The  linear  dinamic  of  the  radar  is  limited 
by  the  phase  detector  at  40  dB  on  the  I 
and  0  video  channels. 

A  double  stagger  of  the  PRF  is  implemented 
to  improve  the  MTD  response. 

The  plot  extraction,  combining  process 
(radar  plots  with  the  IFF  plots)  and 
tracking  are  performed  by  the  radar  Data 
Processor . 


The  IFF  antenna,  mounted  on  the  top  of  the 
G33  primary  antenna,  is  an  Open  Array 
type. 

The  aircraft  identification  code  and 
height  are  provided  by  the  IFF  processor 
to  the  radar  Data  Processor.  From  the 
identification  code  it  is  possible  to 
obtain  the  type  and  airline  of  the 
aircraft  for  subsequent  classification. 


3.3  RECORDING  SETTING 


The  recording  equipment  samples  the  I  and 
0  video  channels,  at  the  radar  clock 
timing,  in  a  suitable  window  centered  at 
the  plot  coordinates. 

In  order  to  perform  a  coherent  processing 
on  the  recorded  samples,  a  different 
setting  has  been  devised  without  stopping 
the  normal  data  flow  through  the  radar. 

The  STC  variation  in  azimuth  has  been 
overriden  and  the  main  beam  has  been 
selected  all  over. 

Any  other  intermediate  frequency 
conditioning  has  been  excluded. 

The  PRF  stagger  has  been  removed. 

Due  to  the  nature  of  the  ATC  radar, 
neither  was  possible  to  modify  the 
rotation  speed  of  the  the  antenna  not  the 
PRF  value.  Therefore  the  Time  On  Target, 
measured  at  -3  dB  of  the  antenna  pattern, 
is  16  milliseconds  and  the  relevant 
Doppler  resolution  is  roughly  40  Hz.  The 
ambiguous  radial  velocity,  corresponding 
to  1000  Hz,  is  about  100  knots. 


4  EXPERIMENTAL  DATA 


Out  of  the  tracking  algorithm  all  the 
information  on  the  aircraft  kinematics  and 
type  is  available:  range,  azimuth,  ground 
speed,  height  and  identification  code. 

The  plots  and  tracks  are  presented  on  the 
maintainance  display  and  sent  to  the 
operative  center  where  the  control 
function  is  carried  out. 

In  the  following  table,  the  main  radar 
parameters  are  listed. 


RADAR  PARAMETERS 


S-Dan-^ 

Peak  Power 
Rotation  Speed 
Unam'  'guous  Range 
Beamwidth  (-3dB) 
Pu  Iselength 
PRF  (Average) 
Stagger  Ratio 


2700  -  2900  MHz 
1 .2  KW 
15  RPM 
80  N.M. 

1.5  deg. 

1  microsez 
1000  HZ 
+/-  7  t 


During  the  recording  activity,  a  great 
deal  of  different  aircraft  data  has  been 
collected.  They  refer,  for  the  most  part, 
to  commercial  aircraft.  Both  jet  and 
turbofan  driven  aircraft  are  equally 
represented.  Few  helicopters  were  also 
recorded . 

For  now,  the  attention  has  been  focused  on 
the  jet  aircraft,  while  the  turboprop  and 
helicopter  will  be  subject  of  a  future 
study.  Therefore  the  present  paper  deals 
with  the  first  results  coming  from  the 
interpretation  of  the  echo  modulation 
produced  by  the  jet  engine  (JEM). 

Few  words  about  the  recording  procedure 
are  useful.  Once  the  target  has  been 
designated,  automatically  the  recording 
equipment,  using  the  information  coming 
from  the  tracking,  centers  the  window  on 
the  plot  estimated  position  and  records 
the  I  and  Q  data  belonging  to  the  window, 
in  a  file  on  the  Personal  Computer  hard 
disk. 


The  process  of  centering  the  window  and 
recording  is  repeated  at  any  scan  until 
the  operator  stops  it. 

In  each  file  a  number  of  auxiliary 
information  is  recorded: 

*  Time  and  date 

*  Type  of  aircraft  and  airline 

*  Type  of  trajectory 

*  Range 

*  Azimuth 

*  Flight  Level  (FL) 

*  Ground  speed 

*  Setting  of  the  recording 
equ ipment 


From  the  original  file,  a  subsets  of  I  and 
0  data,  containing  the  target  samples,  are 
isolated  for  subsequent  analysis. 

The  subsets  of  samples  (16  range  bin  and 
32  sweeps),  are  checked  to  be  sure  no 
saturation  took  place  in  the  A/D  converter 
amplifiers.  As  an  example,  the  modulus  of 
the  time  samples,  in  a  tridimensional 
graphic,  is  presented  in  figure  3. 

A  discrete  Fourier  transform,  namely 
Discrete  Fourier  Series  algorithm  (DFS), 

IS  applied  to  the  32  azimuth  samples  and 
presented  in  a  tridimensional  graphic  to 
distinguish  between  the  target  features 
and  the  background  (figure  4). 

No  weighting  has  been  applied  at  the  time 
samples  due  to  the  fact  that  the  antenna 
pattern  itself  provides  the  amplitude 
smoothing  keeping  the  target  extension 
less  than  32  azimuth  samples. 

From  the  DFS  tridimensional  graphic,  the 
range  bin  in  which  the  target  is  present, 
is  isolated  and  shown  in  a  bidimensional 
plot  ( f  igure  5 ) . 

On  the  horizontal  axis  the  ambiguous 
Doppler  frequency  (0-1000  Hz)  is 
presented . 

On  the  vertical  axis  the  modulus  of  the 
DFS,  normalized  to  the  noise  standard 
deviation  (Signal  to  Noise  Ratio),  is 
presented . 

As  matter  of  fact,  for  each  target  3-5 
files  (or  scans)  ace  available. 

Some  considerations  apply  to  the  following 
figures  in  which  recorded  data  ace 
1 1  lustr  ated . 

1.  Civil  aircraft  recorded  data  only 
are  presented.  This  is  done 
mainly  for  two  reasons: 

*  Civil  aircraft  are  very 

common  and  a  rich  data  base 
can  be  easily  obtained. 


*  For  the  civil  aircraft  all 
the  mechanical  data,  such  as 
engine  characteristics,  are 
generally  available. 


2.  Due  to  the  limited  Time  On 
Target,  the  airframe  line  appears 
to  be  in  the  order  of  40  Hz.  This 
width  corresponds  roughly  to  the 
antenna  pattern  modulation  effect 
on  a  sinusoidal  wave,  and 
represents  the  intrinsec  radar 
Doppler  resolution.  From  the 
analysis  of  a  number  of  civil  jet 
aircraft,  flying  a  cruise  path, 
it  appears,  as  general  rule,  that 
the  actual  air  target  does  not 
present  a  significant  widening  of 
the  Doppler  line.  Sometimes  the 
Doppler  line  results  greater  than 
expected  for  an  other  peak  is 
folded  in  proximity  of  the  main 
line,  in  such  a  way  that  the 
Doppler  filtering  is  not  capable 
to  c  e  so  Ive  . 

In  few  cases,  a  spectrum 
spreading  has  been  detected  to 
exceed  the  usual  width  of  the 
mam  line  (figures  6  and  7). 

3.  In  the  most  of  cases,  the  time 
samples  of  the  target  present  an 
amplitude  variation  which  results 
in  a  multi-line  spectrum,  each 
line  having  the  same  width  of  the 
main  line. 

Just  in  few  cases,  the  modulation 
peaks  do  not  show  up  clearly 
since  their  amplitude  is  under 
the  system  noise,  or  the  aspect 
angle  is  such  to  prevent  the 
reflection  of  the  rotating  parts. 

The  1000  Hz  ambiguous  Doppler 
range  represents  the  most 
important  limitation  to  the 
spectrum  interpretation:  for  a 
complete  understanding  of  the 
target  spectrum  the  data  obtained 
from  the  tracking  are  useful. 


4.1  POWER  PLANT  MODULATION 


It  is  well  known  that  rotating  machinery 
produces  modulation  components  around  the 
airframe  Doppler  line.  The  amplitude, 
symmetry,  number  and  the  displacement  of 
the  modulation  lines,  are  depending  on  the 
engine  type,  engine  RPM,  number  of  blades 
of  the  illuminated  part  of  the  engine. 

It  is  pretty  clear  that  the  modulation 
effects  are  detected  only  when  the 
aircraft  aspect  is  such  that  a  direct  view 
of  the  engine  blades  is  not  obstructed  by 
the  aircraft  structure. 

The  head-on  and  tail-on  aspects  ace  the 
most  favorable  condition  to  produce  the 
modulation  lines.  Sometimes  happens  that, 
in  one  scan,  the  aircraft  does  not  present 
the  characteristic  modulation  of  the 
previous  scans.  In  other  scan  is  the  main 
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line  that  results  deeply  faded,  while  the 
modulation  lines  remain  almost  unchanged. 

The  engine  modulation  generates  distinct 
components  separated  from  the  Doppler  main 
line  by  integer  multiples  of  some  engine 
dependent  fundamental  frequency.  The 
fundamental  (F)  is  related  to  the 
mechanical  data  of  the  engine  through  a 
simple  formula: 

F  =  N  X  W 

where  N  is  the  number  of  blades  of  the 
engine  fan  (in  head-on  aspect),  and  the  W 
is  the  engine  rotation  rate  [1] . 

Due  to  the  low  PRF  mode  of  the  S-Band  ATC 
radar,  the  aliasing  phenomenon  is  always 
present.  For  the  most  common  civil 
airplanes,  the  fundamental  component  of 
the  rotating  parts  is  also  greater  than 
the  radar  PRF.  The  result  is  that  the 
recorded  spectrum  is  an  aliased  version  of 
the  original,  in  which  the  relationship 
between  the  Doppler  line  and  the  sidebands 
IS  apparently  lost. 

The  situation  is  even  more  complicated  by 
the  fact  that  a  change,  in  the  aircraft 
aspect,  produces  a  variation  on  the 
relative  amplitude  of  the  spectrum 
components  and  also  a  different 
displacement,  even  though  the  aircraft  is 
flying  a  straight  path  at  constant  speed. 

Attempts  have  been  made  to  derive,  from 
the  aliased  spectrum,  the  unfolded  one.  To 
achieve  the  aforementioned  goal,  the 
auxiliary  information  on  the  aircraft 
motion  and  engine  type,  has  been 
exploited.  The  Doppler  line  was  usually 
the  higher  peak  of  the  spectrum;  when  some 
uncertainty  was  present,  the  ground  speed, 
correlated,  over  several  scans,  with  the 
geometrical  data  obtained  from  the 
tracking,  helped  in  the  Doppler  line 
identification  process.  Once  the  Doppler 
line  had  been  identified,  the  modulation 
peak  unambiguous  frequency  separation 
(Fsep)  was  obtained  from  the  following 
f ormu  la : 

Fsep(unamb.)  =  Df(amb.)  +  k*PRF 

k  =  +/-  1,  +/-  2.  ... 
where  Df  is  the  frequency  difference  in 
the  ambiguous  spectrum.  The  Fsep  was  then 
compared  with  the  possible  condition  of 
the  engine  rotation  rate,  according  to  the 
engine  data  and  company  prescriptions.  For 
the  most  part  of  cases,  only  one  RPM, 
among  all  the  values  obtained  from  the 
above  mentioned  formula,  fitted,  with  its 
harmonics,  the  ambiguous  spectrum.  The 
attribution  of  the  peaks  of  the  ambiguous 
spectrum,  to  the  fundamental  and  its  lower 
and  higher  harmonics,  was  the  key  to 
generate  the  synthetic  unfolded  spectrum. 

In  many  cases,  the  presence  of  more  than 
one  engine,  rotating  at  slightly  different 
speed,  and  observed  under  different  aspect 
angles,  produces  peaks  of  not  equal 
amplitude  and  separated  in  frequency  for  a 
small  amount.  Though  the  separation  in 
frequency  increases  with  the  order  of  the 
harmonic,  the  low  Doppler  resolution  of 
the  radar,  due  to  the  very  low  time  on 


target,  is  not  sufficient,  in  many  cases, 
to  discriminate  between  those  peaks. 
Therefore  the  spectrum,  usually,  presents 
peaks  whose  width  and  shape  are  not 
uniform  and  depend  on  the  combination  of 
the  original  single  engine  lines. 


4.2  EXAMPLES  OF  SPECTRA 


Figures  9  through  11  show  the  spectra  of  a 
DC9-30  aircraft  in  the  different  positions 
depicted  in  figure  8.  Beside  the  aliased 
spectrum  (a),  obtained  from  the  time 
samples,  the  resolved  one,  in  a  synthetic 
way,  is  presented  (b). 

It  is  interesting  to  make  some  remarks: 

The  unfolded  spectra  present  a 
great  degree  of  similarity  for 
the  frequency  location  of  the 
lines.  The  engine  rotation  rate, 
obtainable  from  those,  is  in 
accordance  with  the  typical 
cruise  data  available  from 
Alitalia  company. 

Figures  11  are  relevant  to  the 
aircraft  illuminated  by  the  rear 
and,  yet,  present  the  typical 
modulation  peaks  seen  in  the 
head-on  aspect.  Moreover,  the 
fundamental  frequency,  obtainable 
from  the  ambiguous  spectrum, 
results  to  be  the  same  as  the 
preceding  spectra,  regardless  the 
difference  in  the  number  of 
blades  between  the  first  stage 
(fan)  and  the  last  stage  of  the 
turbine,  visible  respectively  in 
head-on  and  tail-on  aspect. 


Figures  12  through  15  refer  to  a  different 
DC9-30.  Yet  the  unfolded  spectra  match 
with  the  ones  obtained  for  the  previous 
DC9-30.  The  spectrum  of  figure  13. a 
presents  modulation  peaks  whose  amplitude 
results  under  the  system  noise. 

Figures  16  through  19  refer  to  a  MD80 
aircraft.  Also  in  this  case  the  resolved 
spectra  match  with  the  typical  data  given 
by  the  company.  The  last  spectrum  does  not 
present  modulation  peaks  such  to  permit 
the  resolution  process. 

The  figures  20  through  22  refer  to  a  B747 
aircraft.  The  resolved  spectra  allow  to 
perform  an  estimation  of  the  engine  RPM 
that  are  in  accordance  with  the  typical 
cruise  steady  condition. 


4.3  DOPPLER  SPECTRUM  EXPLOITATION 


In  the  present  ATC  radar  and  long  range 
surveillance  radar,  the  exploitation  of 
the  composite  spectrum  results  quite 
difficult.  The  main  reasons  are  the  low 
Pulse  Repetition  Frequency  (from  400  Hz 
through  1000  Hz)  which  produces  the 
wandering  of  the  spectrum  components  in 
the  snbiguous  Doppler  range,  and  the  low 
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time  on  target  (roughly  tens  of 
milliseconds)  which  reduces  the  Doppler 
discrimination  capability  of  the  radar. 

What  has  been  proven  can  be  done  with  the 
actual  recordeo  data  is  briefly  indicated 
below. 


4.3.1  IDENTIFICATION 


It  has  been  seen  that  comparison  among 
ambiguous  spectra  taken  at  different 
moments,  even  of  the  same  aircraft,  is 
impossible  due  to  the  dependence  of  the 
folding  on  the  variable  radial  speed.  The 
only  way  to  obtain  a  significant  spectrum 
is  to  resolve  the  Doppler  ambiguity 
through  the  above  outlined  empirical 
algorithm,  which  uses  additional 
information  on  the  mechanical  aircraft 
data  and  those  from  the  tracking  function. 

Instead  comparison  of  unfolded  spectra 
pertaining  to  the  same  aircraft  shows  an 
high  degree  of  consistency  regardless  the 
aspect  angle  of  measurements. 

Each  aircraft  type  at  its  cruise  speed 
presents  a  fundamental  frequency  which 
docs  not  vary  much  from  an  individual 
aicraft  to  another.  On  the  basis  of  the 
fundamental  frequency  recognition  it  is 
possible  to  enter  the  identification 
process  reducing  the  set  of  the  possible 
aircraft  attribution  and  in  some  cases  to 
obtain  directly  a  positive  identification. 

The  relationship  between  the  line 
amplitude  and  order  could  help  as  well  in 
the  identification  process  but,  at 
present,  a  statistic  on  such  a  topic  is 
not  available  yet,  and  no  attempt  has  been 
made  to  correlate  those  spectral  features 
with  the  aircraft  type. 


4.3.2  DETECTION 


Two  different  processing  have  been  devised 
to  obtain  a  detection  enhancement: 

1.  Adaptive  filtering  matched  to 
target  spectrum 

2.  Non  linear  optimum  filtering 


The  first  requires  a  knowledge  of  the 
target  type  and  flight  condition  that  can 
be  achieved  only  when  detection  has  taken 
place  and  tracking  function  is  stable. 

Hence  a  true  improvement  could  be  obtained 
when  the  SNR  is  at  sue'-  a  level  that 
enhancement  is  no  more  required. 

The  second  sdheme  is  based  on  a  quadratic 
processing  which  has  been  proven  to  be 
optimum.  This  algorithm  gives  a 
performance  better  than  mote  common  linear 
scheme  when  target  shows  a  degree  of 
correlation  between  one  (Swerling  1  case) 
and  zero  (Swerling  2  case). 


The  application  to  the  collected  data  of 
such  an  algorithm,  does  not  produces  a 
significant  enhancement  due  to  the  high 
correlation  (narrow  spectrum)  found  in  the 
majority  of  cases. 

Therefore  the  potential  does  not  justify 
the  great  increase  in  complexity  required 
by  the  implementation  of  the  new 
tecniques. 

Instead,  the  presence  of  many  lines  in  the 
Doppler  spectrum  results  in  a  natural 
improvement  in  the  velocity  response  of 
the  radar:  due  to  the  sidebands,  the 
tipical  notches  of  the  response  are 
partially  filled  producing  a  more  uniform 
coverage  in  the  velocity  domain. 


4.3.3  ASSOCIATION 


In  surveillance  radar  the  extraction  of 
target  radial  velocity  from  the  Doppler 
information  is  sometimes  implemented  (2). 
Sidebands  of  the  spectrum  usually  hinder 
the  extraction  process.  A  large  error  in 
the  radial  velocity  estimation  occurs  when 
one  of  the  modulatio  components  is 
mistaken  for  the  Doppler  line  generated  by 
the  body  reflection. 

A  very  accurate  algorithm,  using  the 
information  coming  from  the  tracking,  has 
to  be  devised.  Anyhow,  a  low  reliability 
of  the  velocity  estimation  has  to  be 
accepted.  Even  more,  the  purpose  of  the 
velocity  extraction  should  be  limited  to 
resolve  the  conflict  situation  and  to  help 
the  correct  tr  ac)t  correlation. 


5  CONCLUSIONS 


From  the  above  considerations  it  results 
that  the  most  suitable  application  of  the 
Doppler  spectrum,  pertains  to  the  Non 
Cooperative  Target  Recognition  (NCTR) 
tecniques . 

For  a  complete  spectrum  characterization, 
it  is  necessary  to  identify  the  peak 
number  and  location  along  with  the  their 
amplitude  distribution.  It  is  likely  that 
several  looks  have  to  be  used  and 
correlated  with  the  aspect  angle  and 
manoeuverinq  condition  of  the  aircraft. 

It  is  also  clear  that  a  proper 
implementation  requires  a  more 
sophisticated  radar  with  flexible  waveform 
capabilities  and  a  greater  time  on  target. 
More  specifically,  in  a  small  sector 
around  the  target  of  interest,  and  for  the 
number  of  scans  strictly  necessary  to 
perform  the  spectrum  characterization,  the 
normal  radar  operation  will  be  suspended 
and  a  suitable  radar  mode  will  be 
selected.  A  greater  time  on  target  will 
permit  to  achieve  the  requited  Doppler 
resolution  and,  the  high  PRF,  though  it 
impedes  the  tanging  function  of  the  radar, 
will  permit  to  obtain  an  unambiguous 
spectrum  as  requested  for  the 
identification  process. 
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DISCUSSION 


E.  Schweicher,  BE 

Even  without  using  higher  PRFs,  is  it  not  possible  to  eliminate  the  spectrum  ambiguity 
by  utilizing  different  PRFs? 

Author's  Reply 

The  ATC  radar  used  for  the  recording  activity  has  a  quite  low  time  on  target;  16  msec 
measured  at  3  dB  points  of  the  antenna  pattern.  Some  aircraft  data  have  been  recorded  with  a 
double  stagger  of  PRF  (batch  of  8  pulses).  Two  different  algorithms  have  been  applied. 

1.  Elaboration  of  each  batch  separately:  the  very  low  Doppler  resolution  (125  Hz)  is 
not  sufficient  to  achieve  significant  results. 

2.  All  the  pulses  used  for  spectrum  computation,  taking  into  account  the  different 
arrival  times:  the  unfocused  peaks  mask  the  JEM  lines  preventing  the  desired  resolution. 
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CLASS IF ICATIOH  D' IMAGES  SAR  EM  VUE  DE  DETECTION  DE  CIBLES 

A.  BEADPERE,  C.  FOULOH 
ONERA 

29,  Avanua  da  la  Divlalon  Laclarc 
92320  CHATILLOM 
FRANCE 


Le  traitement  automat ique  de  I'aide  a  la 
photo-interpretation  d' images  radar  a  pour 
but  de  fournir  les  outils  pertinents 
necessaires  a  1' interpretation  d'un  tres 
grand  volume  de  donn6es  en  un  temps  reduit. 
Parmi  ces  outils  figurent,  en  tout  premier 
iieu,  des  outils  de  segmentation  et  de 
classification  d'images  gui  permettent,  d'une 
part,  le  zonage  en  qrandes  entites 
d' occupation  du  sol  et  d’autre  part,  la 
detection  de  rupture  de  texture. 

Nous  proposons  ici  une  methode  utilisant  la 
model  isat  ion  du  clutter  de  sol  par  la 
ruqosite  de  la  surface  et  la  retrodif fusion 
de  I'onde  radar. 

l.es  villes  et  autres  constructions  humaines 
sop.t  lisses  pour  des  radars  en  bande 
cent imet r iquo,  lo  sol  cultive  (prairies, 
parcellaire)  et  les  zones  aquatiques  sont 
tctalement  ruqueux  ,  les  arbres  presennent 
j.'-e  partie  lisse  (tronc)  et  une  partie 
ruqueuse  ( f eu i 1 lage)  . 

La  signature  utilisee  est  la  loi  de 
distribution  du  module  de  1' amplitude 
compLexe  (niveaux  de  grls  de  1' image)  qui 
depend  directement  du  dephasaqe  de  I'onde 
radar  ret rodi f fusee  et  done  de  la  rugosite  du 
sol. 

Par al le lement  et  de  maniere  a  traiter  le 
probleme  inverse,  nous  avons  mis  an  point  une 
methode  de  simulation  de  texture  SAR  a  partir 
d'un  modele  tr Idimens ionne 1  de  rugosites  du 
sol.  Cet  alqorithme  de  simulation  nous  permet 
eqalement  de  prevoir  l'6volution  de  la 
qualite  de  la  texture-image  pour  les  radars 
futurs  a  tres  haute  resolution. 


Notations  : 
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=onde  complexe  retrodif fus^e 
-module  de  I'onde  a(lr) 


h  (x) 


-phase  de  I'onde  a()c) 
-histogramme  des  niveaux  de 
gris  de  1' image. 


Introduction 

II  est  accord^  actuellement  une  grande 
imp''-'’ sr  ce  au  traitement  automatique  de 
I'aide  a  la  photo-interpretation,  le  but 
etant  de  fournir  les  outils  pertinents 
necessaires  au  photo-interprete  pour  traiter 
un  tres  grand  volume  de  donnees  en  un  tem.ps 
reduit.  Parmi  ces  outils  figurent,  en  tout 
premier  lieu,  des  outils  de  segmentation  et 
de  classification  en  grandes  entites 
d’ occupation  du  sol.  Alois  qu' il  existe  une 
plethore  de  tels  outils  pour  des  images 
visibles,  ceux-ci  sont  plus  rares  pour  les 
images  SAR  dont  la  texture  peut  etre  p!-.;s  ou 
moins  entach^e  de  spec)^le,  et  dont  les 
proprifetes  radiometriques  et  geometriques 
sont  tr4s  particuli^res. 

Certaines  m^thodes  ayant  recours  a  1 
reduction  du  specicle  par  filtrage  moyen 
peuvent  presenter  de  bons  resultats  mais 
restent  limitees. 

En  fait,  il  peut  etre  montr6  que  la 
distribution  statistique  au  premier  ordre  des 
niveaux  de  gris  de  1' image  permet,  dans  une 
certaine  mesure,  la  discrimination  de  classes 
differentes  presenta.-.t  une  SER  moyenne  egale. 

Dans  ce  cadre,  Ulaby  et  al.  (1986)  fait 
intervenir  les  variations  de  SER  liees  a  la 
texture  de  la  sc^ne  (di6dres,  zones  d' ombre, 
surfaces  r6f lechissantes,  etc).  Il  utilise, 
pour  classer  des  images  multi-look  en  grandes 
entites  d'occupation  du  sol,  la  statistique 
d'ordre  2  ou  le  ratio  ecart  type  /  moyenne. 

Il  nous  semble  cependant  int^ressant 
d'etudier  I'apport  de  1' histogramme  h(x) 
complet  d'images  mono-look  e’est-a-dire  sans 
alteration  de  la  resolution,  dont  le  calcul 
est  rapide  et  qui  contient  une  information 
intrinseque  au  speckle.  Cette  question  a  ete 
etudiee  par  Zito  (1988)  qui  considere 
1 ' histogramme  h(x)  des  niveaux  de  gris  comme 
une  somme  de  lois  de  Rayleigh  dont  les  modes 
suivent  une  distribution  donnee.  Mais,  pour 
ce  faire,  il  apparalt  indispensable  de 
travailler  surla  fenetre  de  calcul  la  plus 
grande  possible,  afln  de  pr6ciser  cette 
distribution,  ce  qui  est  Incompatible  avec  la 
contrainte  de  temps  de  calcul,  et  I'hypothdse 
meme  de  stationnarit*  sur  la  totality  de  la 
fen6tre . 

Tenant  compte  de  ce  qui  pr6c6de,  nous 
prAsentons  dans  ce  qui  vient  une  mAthode  de 
discrimination  en  grandes  classes 


d' occupation  du  sol  (eau,  forets, 
prair ie_parcellaire,  zones  urbaines)  d' images 
SAR,  qui  decoule  de  1' interpretation  du  biais 
existant  entre  1' histogramme  de  1' image  et  la 
ioi  de  Rayioigh  de  meme  moyenne,  en 
utilisant,  pour  ce  faire,  une  decomposition 
en  set le  de  polynomes  orthogonaux. 


En  premiere  partie,  nous  presentons  le 
type  de  signature  traitee,  et  nous 
1 ' i nterpretons  au  moyen  de  coefficients  issus 
de  la  decomposition  polynorr.iaie.  Durant  la 
seconde  partie,  I'algorithme  de  segmentation 
et  classification  utilise  est  decrit.  Enfin, 
la  troisieme  partie  contient  un  element  de 
reponse  au  problome  inverse  consistant  a 
s'.muler  une  texture  SAR  et  a  comparer  les 
'  i  St rammes  des  textures  ainsi  obtenus  avec 
ion  :  St,  eg  r  ammes  calcules  sur  1' image  radar. 

!os  rosultats  sont  valides  a  I'aide 
u'  .".igcs  Varan  S  couvrant  les  regions  de 
l.'euf  H r  i  s  j  un-Fre  iburg  et  Oborpf  af  fenhofen  . 


Pr4««ntatlQn _ thAoriqua 


1. 'amplitude  complexe  en  un  pixel  de 
.  est  la  somme  d'ondes  eiementaires  en 

. "  *  or  fttrence  de  phase  : 

i X ,  V' '  -  t  e 
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exp  ( 


(5(n  (X,  ,y  ,  >  n  . 
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'  V, 


0‘<(x,,y_))  est  une  quantite  al^atoire  sur 

. '  ;  rl.ervalie  (0,  27l]  d  1  st  r ibuee  selon  une 
rer'aine  densite,  eile-meme  fonction,  en 
particulier,  du  relief  du  sol.  Cette  densite 
est  par  exemple  constante  lorsque  le  sol  est 
totaiemont  rugueux  devant  la  lon>j..eur  d'onde 
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Dans  le  cas  ou  les  reflecteurs 
e letrenta  1  res  du  sol  vdrifient  les  hypotheses 
du  Theoreme  Central  Llmite,  la  distribution 
:io  la  parti"  reelle  (resp.  Itnagina  1  re)  de 
1'  image  complexe  est  une  gausslenne. 


Les  quantites  a  (x,y)  et  a  (x,y)  etant 
r  1 

supposees  ind^pendantes ,  I'on  montre 
(Becl<mann  et  Spizzichino,  1987)  que 


P  I  la  (X,  y)  l»r ) 
s  /s  .  s 


1  2  1 
des  parties 


depend  en  particulier  du  ratio 
et  s^  correspondent  aux  variances 

rSelles  et  imaginaires: 
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Soit,  en  appliquant  la  th^orie  des  fonctions 
de  Bessel  ; 
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avec  I  =  fonction  de  Bessel  modifiee. 
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Lorsque  la  phase  de  I'onde  rbtrodi f fusee 
est  aleatoire  et  distribuee  uniform^ment  sur 
10,2Jt|  (sol  totalement  rugueux), 

a=0,  et  I'on  retrouve  bien  I'expression  de  la 
loi  de  Rayleigh. 

Dans  tous  les  autres  cas,  les  lois  p(r) 
different  de  la  loi  de  Rayleigh,  et  peuvent 
approximer  de  maniere  sat  is f ai sante  (cf  fig. 

1)  les  histoqrammes  h(x)  calcules  sur  1' image 
correspondants  aux  differentes  classes 
d'occupation  du  sol.  On  constate  notamment 
que  les  histogrammes  preleves  sur  les  zones 
urbaines,  dont  les  queues  de  distribution 
sont  plus  importantes,  sont  bien  repr^sentes 
par  une  loi  p(r)  de  fort  ratio  s^/s^,  egal  a 

10. 


Appariement  entre  h(x)  et  les  lois  p(r) 
h(x)  :  region  urbaine 

— i»  :  p(r) 

Fig.  1 

Utilisation  d’ une  s6rie  de  Pdlvnomes 
orthogonaux 

Les  donndes  d' images  complexes, 
difficiles  k  obtenlr  car  coOteuses  en 
capacity  d'enregistrement,  ont  permis 
d' approfondir  les  propri6t6s  6nonc6es  cl- 


Posons 


dessus  et  de  mettre  en  evidence  la 
car accer i St ique  suivante  : 

Les  histogrammes  des  parties  reelles 
{resp.  imaginaires)  calcules  sur  i'image 
complexe  (fig.  2)  presentent  un  biais  par 
rapport  a  une  gaussienne  de  memes  parametres. 
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M  ;%r.  :or'  o  do  -or-o  '/ariarco  ot  do  rer'o 
“  .  ‘ . o  . 

'  1 ''.^-‘rprot.  a*,  ion  la  p.^s  plausib.o  ost. 

: -o  ‘-s  ro  f  1 0'lt  o ..  r  s  re  sent  pas  i  ndoper.dant  s 
.  -o  >.:vor'  pas  la  "-ero  loi  (variaiion 
do  '.’.aby,  19fife>. 

Par  aille..rs,  ?!ito  |1^8Bi  mor.tre  qL.'une 
•-'-'o  do  iols  de  Rayleigh  don',  ies  redos 
■-'.^.vert  ..re  loi  qaussienr.o  (variation  de  5F.R) 
p’-oserte  .>n  leqer  biais  par  rapport  a  la  loi 
if  Rayleigh. 

Ncjs  proposons  de  quantifier  ce  biais 
ox,s'’ar':  entre  I  '  h  i  st  og  r  ar.me  de  1' image  et  la 
:  de  Rayleigh  correspondante  ^  I'aide  d'une 

decerrpos  it  ion  en  setie  polynowiaie 
orthoqonale  de  Laguerre  (expansion  de  Gram- 
dharlier  adaptee  a  Rayleigh),  de  fagon  h 
mirLmiser  i ' i n format i on  au  sens  math^mat ique. 
Cette  evaluation  par  I ' intermedia i re  d'une 
serie,  semblable  au  premier  ordre  ^  des 
evaluations  teiles  que  skewness  (biais)  et 
peakedness  (dynamique) ,  est  n^anmoins  plus 
fine. 


k  k 


1/2  ,2 
(  ] 


h(x)  =—  exp(- — 2*  [ 

a  20 

1/2 

ou  L  correspond  au  polynome  de  Laguerre 

k 


k  =  0 


generalise  d'ordre  “  . 


Formules  de  recurrence 


1/2 

L  (u)  =  1 

0 


1/2  3 

(u)  =  J  -  u 


1/2 

[n+1 ) L  ,  (u) = 

n  +  1 


3  1/2  1  1/2 

i2n*-T-ulL  (u)-In^:r)L  (u) 

2  n  2  n-1 


La  relation  d' orthogonal ite  des 
polynomes  s'ecrit  ; 


i 


,r  1/2  1/2  „  ‘"d’ 

Vxcxp(-x)L  (X)  L  (x)dx  -  6  - ; - 


avec  6  ■=!  iorsque  m.=  n;  0  sinon. 

mn 

Lo  choix  des  polynomes  de  Laguerre 
pormot  alors  de  caicuier  simplement  ies 

copf  f ic i ent  s  a  : 

k 

ao 

.  r  2  1/2  2 

n  I  X  X  X 

Ot  20  Ihlx)  [~expl-  p)  L  ("j)  }  dx 

*'  r,-.-)  J  O  20  o' 

2  0 

coefficients  seront  les 
paramet  res  d'er.tree  de  I'alqorithme  de 
segr^ont  at  ion  et  de  classification  ddcrit  ci- 
apres. 

Saaaaat  »tioa _ at _ cia««ifieation 

d'  imaaaa _ radar 

La  c 1  as s i f icat ion  des  images  radars 
selon  le  type  d'occupation  du  sol  (villes- 
biatiments,  zones  aquatiquos,  clutter)  permet 
1 ' iml nat ion  des  zones  r^putees 
i n i nteressantes  pour  le  photo-interprdte  (par 
exemple  :  absence  presumee  de  cibles) . 

Les  Imaqes  A  traiter  6tant  des  images  de 
textures,  une  classification  de  chaque  pixel 
separ^ment  des  autres  donne  un  r^sultat  trop 
bruite  et  il  est  done  Indispensable  d'op^rer 
une  segmentation  pr&alable  de  1' image  en 
regions  homoq^nes  avant  de  les  classifier  . 

Cet  alqorithme  de  segmentation- 
classification  ne  s'applique  pas  directement 
i  1 ' image  radar  mais  i  des  "informations"  qui 
sont  le  r^sultat  d'un  filtraqe  particulier  de 
1' image  faisant  apparaltre  des  r6ponses 
caractirlstiques  de  chacune  des  diff^rentes 
entitis  que  I'on  cherche  i  extralre.  Ces 
informations  sont  d^crites  cl-dessous. 
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Cdlcui  d£S  informations  caracteristigues  de 

Pour  ie  calcui  de  chaque  information,  on 
utilise  un  pave  de  taiile  32x32  entourant  le 
pixel.  Sur  chaque  pave,  2  informations  sont 
caiculees.  11  s'aqit  respect ivement  de  : 

1)  Niveau  de  grls  moyen  =  SER  (=  INFOl) 

?)  Premiers  coefficients  a  et  a  de  la 

0  1 

ser .o  polynomiale  de  Laquerre  extraits  de 
1  ' n 1 stcqramme  calcuie  sur  le  pave.  Le 

coefficient  a  (resp.a  )  est  d'autant  plus 
0  1 

oleve  ot  proche  de  1  (resp.  faible  et  proche 
ie  i r  qje  i ' h I  St oqramme  est  semblable  a  loi 
H-iy]o'qh. 

Au  de 1  a  du  3eme  ordre,  les  coefficients 
(t  •  VO  r  cijenr  rapidement  vers  0. 


entre  histogrammes  locaux  des  niveaux  de  gris 
de  1' image . 

De  plus,  la  norme  euclidienne  des 
histogrammes  locaux  presente  la  propriete 
importante  de  mettre  en  Evidence  le  degre 
d' homogeneite  local  servant  a 
1' initialisation  des  segments  a  extraire. 

L'algorithme  est  appliqu^,  dans  un  souc: 
de  fusion  d' informat  ions ,  selon  le  mode 
multi-information  consistent  en  un  *ET 
LOGIQUE"  des  segmentations  des  2  informations 
decrites  prec6demment . 

Classif ication  d' images  radar 

L’objectif  de  cet  algorithme  est 
d’extraire  d'une  image  SAR  les  grandes 
entites  suivantes: 

-  vi  1  i.es-bat  iment  s  . 


:•  r.  prat  iquo,  il  existe  une  redondanco 

.on  ortro  I  os  coefficients  Cl  et  Ct 

0 

os*,  suffisant  d'utiliser  le  coefficient 
n;-v2)  .  Cependant,  1 '  ut  i  1  i  sat  ion  du 


:  ;  c  .  ont  Ct  pout. 
0 


etre  utile  pour  des 


*  “ .  nai  io.ns  fines  concernant  notamment 
/ones  aquatiques.  L'apport 
r.our  CO:;  coefficients  sjperieurs  ost 
.o  p-nur  I'obtention  d'une  c  1  as  s  i  f  icat  i  on 
n  n~p  1  et.  e  . 


dii-maaes  radar 


ies  detecteurs  de  contours  classiquos 
i;r;u.op,r.,  1  aplacien  .  .  .  )  lies  a  la  notion  de 
•  v*  raste  ne  sent  pas  suffisants  (contours 
’..verts),  et  peu  adaptes  aux  images  SAR. 

En  revanche,  la  methode  de  segmentation 
:-3'oe  sur  1 'analyse  de  textures  par 

ation  des  histogrammes  locaux  (voire 
co'i  n  i. St  ogrammes  de  co-occurences)  et 
>’vo ;  .vppeo  depuis  plusieurs  annees  a  I'ONERA 
(noc.-hi,  1990)  permet  1 'extraction  de 
-.o  '  s  homoqenes  au  sens  d'un  degre 

'■.*.  a:  i  St.  iquG  donne,  par  un  processu.,  Jc 
^issar.ce  automat  ique  . 

r lie  s' applique  simplement  aux 
.  .n  f  c  rrat  i  on  s  issues  du  filtrage  de  I'image 
decrites  ci-dessus  et  fournit  le 
jroalable  necessaire  ^  la  c lass i f icat ion 

i'  :  mages  . 

Cette  m^thode  de  segmentation 
tterarchique  a  pour  objet  la  determination  de 
segments  presentant  localement 
approximat ivement  la  meme  distribution  et 
ceci  peut  4tre  mesur^  en  calculant 
coefficient  de  correlation  (rapport  du 
produit  scalaire  et  des  normes  eucl idiennes) 


-  clutter  :  *  zones  aquatiques 

•  forets 

*  prai r ie-parce I i a i  re 

Pour  ce  faire,  on  utilise  les 
informations  INFOl  et  INF02  obtenues  par 
filtrage  de  I’image  radar  c'origine. 

Les  zones  de  vil les-bat iment s ,  a 
cause  de  la  presence  des  diedres  et  surfaces 
ref lechissantes  lisses  devant  la  longueur 
d'onde  (reflexion  speculaire),  "saturent” 
I'image  et  les  niveaux  de  gris  correspondants 
se  situent  dans  le  haut  de  la  dynamique 
(  INFOl)  . 

Par  ailleurs,  I'alternance  de  faces 
ref iechi ssantes  et  de  zones  d'ombre  entralne 
un  fort  biais  par  rapport  a  Rayleigh  et  ii 

valeur  du  coefficient  correspondanto  ost 

1 

elcvee,  superieure  a  0.08  {INF02). 

Les  zones  aquatiques  correspondent  a 
une  SER  tres  faible  :  niveau  de  gris  dans  ie 
bas  de  la  dynamique  (INFOl). 

Notons  cependant  quo  les  zones  d'ombre 
des  ferets  correspondent,  el les  aussi,  au  bas 
de  la  dynamique  et  peuvent  etre  parfois 
confondues  avec  les  zones  aquatiques.  li 
serait  intcressant,  dans  ce  cadre,  d'utiliser 

le  coefficient  a  qui  permet  la  mise  en 
0 

evidence  de  certaines  zones  aquatiques  tel les 
que  les  lacs. 


Les  zones  de  clutter  sont  homog^nes 
et  correspondent  a  un  coefficient  <X^  faible, 

proche  de  0  et  la  loi  suivie  par  le  module  de 
I'amplitude  complexe  est,  dans  ce  dernier 
cas,  la  loi  de  Rayleigh.  Parmi  ces  derni^res, 
on  constate  que  les  zones  de  forets 
pr^sentent  un  caract^re  Rayleigh,  bien 
qu' important ,  moins  marqu6  que  les  zones  de 
prairie  et  de  parcellaire  agricole,  et,  en 
tout  cas,  suffisant  pour  les  discriminer,  une 
explication  plausible  6tant  une  decorrelation 
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plus  grande  au  niveau  des  reflecteurs  dans  le 
cas  des  zones  de  prairie  que  dans  le  cas  des 
zones  forestieres. 

La  valeur  de  Oi  est  done,  en  moyenne, 
plus  faible  sur  les  zones  de  prairie  que  sur 
les  zones  de  foret. 

En  vertu  des  remarques  prScedentes,  on 
peut  donner  un  algorithme  simple  de 
classification  applique  aux  images  Varan  S 
apres  apprentissage  en  se  limitant  aux 
grandes  entires  sus-mentionnees  : 


CRTTERES  DE  CLASSIFICATION 
DES  IMAGES  VARAN  S  (BANDE  X) 
NIVEAUX  DE  GRIS  :  NG  =  0>2SS 


30%  ou 
plus  de 
pixels  de 
ng<40  ? 


presence 
de  pixels 
de 

ng>128  ? 


oul 


oa<=o.oi  ? 

— 1 

non 

oui 

oa<-D 

.08  ? 

non 

oui 

eau 

Izone 

lurbaine 

for  At 

Iprairie 

Iculture 

Rattachement  des  segments 
"frontlfere  entre  2  textures" 
i  la  classe  volslne  la  mieux 
repr^sent^e  - 

nombre  de  pixels  fronti^re 


R4sultats  de  classification  en  4  classes  : 
blanc  =  vines,  gris  clair  =-  forets,  gris 
tones  =  pralrles-cultures,  noir  =  eau. 

Application  de  1' algorithme  de  segmentation- 
classification  aux  images  Varan  S.  Example  de 
1' image  couvrant  la  region  de  Neuf-Brisach. 
Cette  image  a  6te  obtenue  lors  d’une  campagne 
proqramm6e  par  le  JRC  (Joint  Research 
Center) -ISPRA  avec  le  radar  Varan  S  du  CNES 
(Centre  National  d' Etudes  Spatiales) -France, 
pretrait6e  par  le  CNES. 

Fig.  3 

gXBbliaA _ lagRtJA 

Afin  de  vallder  le  choix  de  la  signature 
servant  A  1' algorithme  de  segmentation- 
classification,  nous  fournlssons  dans  cette 
section  des  616ments  d' interpretation  du 
phAnomene  physique  A  I'alde  d' une  synthAse  de 
texture  SAR,  basAe  sur  une  analogic  avec 
I’optique  cohArente  (Goodman,  1972) 
permettant  de  mettre  en  evidence  d'une  part 
1' Influence  de  la  variation  de  la  SER  et 
d' autre  part  1' influence  de  la  rugosltA 
intra-pixel . 

En  ce  qui  concerne  1' influence  de  la 
variation  de  la  SER,  I'algorithme  comprend  2 
Atapes  successives  : 

1)  Tirage  de  la  SER  seuon  soit  une 
ganssienne,  modAle  prAconisA  par  Zito  (198B), 
soit  2  diracs  (niveaux  de  gris)  distincts, 
avec  un  dAphasage  alAatoire  de  I'onde 
rAtrodif f usAe  uniformAment  rAparti  sur  [0, 2n]. 

2)  Fixation  du  nombre  N^  <je  rAflecteurs 

par  pixel  et  flltrage  passe-bas  de  I'onde 
rAt rodlf fusAe. 

Afin  de  valider  les  rAsultats  obtenus 
par  la  simulation,  ceux-ci  sont  comparAs  avec 
les  Images  rAelles  fournies  par  le  radar 
Varan  S  (bande  X,  rAsolutlon  au  sol  -  2.5m  x 
2 . 5m>  . 

La  comparalson  s'appule  sur  le  calcul  de 
1 'histogramme  des  niveaux  de  gris  de  la 
texture-image  synthAtlsAe  et  la  dAtermlnatlon 
des  coefficients  correspondants . 


Image  aprAs  flltrage  moyen  (SER) 
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On  cholslt  un  nombre  de  rdflecteurs 
suf f Isamment  important  sans  €tre  trop 

calculatoire,  i  savoir,  N  “  8x8  r6flecteurs 

r 

par  case  de  resolution. 


compl6mentaire  de  celui  de  la  SER.  l«s 
resultats  obtenus  sont  illustr6s  par  la 
fig.  4  et  I'algorithme  correspondent,  par 
rapport  a  celui  d6crit  pr6cedemment,  poss^de 
les  particularites  suivantes  : 


Les  valeurs  de'  coefficients  a 

k 

correspondants  sont  consignees  dans  la 
table  1  ci-dessous  : 


ecart 

type 

a 

0 

a 

1 

**2 

a 

3 

30. 

0.97 

0.039 

0.054 

0.013 

20. 

0.98 

0.024 

0.038 

0.012 

10. 

0.98 

0.008 

0.024 

0.013 

5. 

0.98 

0.003 

0.020 

0.012 

Coefficients  a  -  SER  gaussienne  (m, O) 
k 

Table  1 

La  moyenne  des  gaussiennes  est  choisie 
egale  a  la  moyenne  globale  d'une  image 
Varan  S  soit  un  niveau  de  gris  de  50.  II  est 
ainsi  permls,  au  vu  des  resultats  ci-dessus, 
de  quantifier  1' influence  de  I'ecart  type  sur 
le  biais  existent  entre  1' histogramme  et  la 
loi  de  Rayleigh  (biais  croissant  avec  I'ecart 
type)  . 


Le  coefficient  O 

1 


ainsi  calcuie 


correspond  aux  valeurs  calcuiees  sur  1' image 
pour  des  zones  de  foret  et  de  prairie- 
cultures.  Un  modeie  de  SER  gaussien  peut  done 
expliquer  la  distinction  entre  zones  de  foret 
(ecart  type  eieve)  et  zones  de  prairies  et 
cultures  (ecart  type  plus  faible) . 


-  Tirage  de  SER  constante. 

-  Prise  en  compte  de  la  rugosite  du  sol 
modelisee  par  une  distance  de  correlation 

dcorr  et  un  ecart  type  des  hauteurs  O  . 

r 

-  Tirage  de  la  phase  de  I'onde 
retrodif fusee  par  les  reflecteurs 
eiementaires  en  fonction  de  la  rugosite  du 
sol  et  non  aieatoirement  dans  1' intervalle 
(0.2111  . 


Fonction 

d' autocorrelation 
initiale 


2 

C(u,v)=0  exp 


[^] 

dcorr 


Transformee  de 
Fourier  de  la 
fonction 

d' autocorrelation 


Profil  de  sol 
tridimens ionnel 


Profil  de  phase 
ramene  dans 
(0.21tl 


Cependant,  dans  le  cas  des  zones 
urbaines,  il  semble  que  i'alternance  entre 
les  zones  d' ombre  et  les  faces 
ref lechissantes  soit  plus  marquee  et  I'on 
propose  un  modeie  d' histogrammes  somme  de  2 
lois  de  Rayleigh,  les  SER  etant  distribuees 
selon  2  dlracs  (de  nlveaux  de  gris  respectifs 
ngl  et  ng2) .  Sur  une  telle  texture,  les 

coefficients  a  calcuies  sont  presentes  dans 
k 

la  table  2  cl-dessous  : 


ng  1 

ng  2 

OH 

am 

am 

30 

30 

0.99 

0.001 

0.019 

0.013 

30 

50 

0.98 

0.012 

0.029 

0.010 

30 

80 

0.97 

0.034 

0.053 

0.015 

30 

110 

0.96 

0.043 

0.066 

0.019 

30 

150 

0.95 

0.047 

0.077 

0.025 

Coefficients  0^-2  niveaux  de  SER  :  ngl,ng2 
Table  2 


Par  allleurs,  11  a  ete  egalement  etudie 
1' influence  de  la  rugosite  intra-pixel,  en 
tenant  compte  du  dephasage  de  I'onde 
retrodif fusee  par  les  dlfferents  reflecteurs 
eiementaires  intra-pixels,  aspect 


Fig.  4 

Le  biais  exlstant  entre  les  histogrammes 
des  textures  ainsi  synthetlsees  et  la  loi  de 
Rayleigh  est  de  meme  nature  que  celui  obtenu 
par  variation  de  la  SER,  et  les  coefficients 

a  correspondants  sont  donnes  dans  la  table  3 
k 

ci-dessous  : 


1  ® 

dcorr 

a 

a 

a 

a 

Uc _ 

0 

1 

2 

3 

'KSIH 

1.0 

0.99 

0.004 

0.018 

0.007 

fKBB 

5.0 

0.98 

0.029 

0.034 

0.005 

KSH 

8.0 

0.95 

0.081 

0.087 

0.019 

OSH 

1.0 

0.99 

0.004 

0.008 

0.004 

Qom 

5.0 

0.98 

0.044 

0.042 

0.003 

8.0 

0.96 

0.075 

0.079 

0.014 

0.5 

1.0 

0.99 

0.011 

0.021 

0.005 

0.5 

5.0 

0.99 

0.023 

0.028 

0.002 

0.5 

8.0 

0.96 

0.012 

0.052 

0.027 

Coefficients  -  sol  rugueux  (O  .dcorr) 
Table  3 

Les  resultats  figurant  cl-dessus 
corroborent  ceux  obtenus,  i  partir  des 
images,  sur  les  zones  de  cultures,  fordts  et 
vines  et  fournlssent  ainsi  un  614ment 
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suppl6mentaire  d' interpretation  de 
1' histogramme  d' images  radar.  On  constate 
bien  que,  pour  des  rugosites  de  meme  hauteur. 
1' histogramine  s'^carte  d'autant  plus  de 
Rayleigh  que  la  correlation  est  importante. 
Par  allleurs,  il  apparalt  que  cet  ecart  est 
plus  sensible  a  une  variation  de  la 

correlation  plut6t  qu'A  celle  de  O  .  Enfin, 

r 

I'on  constate  que  les  2  algorlthmes  de 
synthese  de  texture  presentees  ci-dessus 
fournissent  des  resultats  a  la  fois 
similaires  et  compiementaires . 


Conclualon 

L ' algorithme  de  simulation  est  simple 
(transformations  de  Fourier 
bidiraenslonnelles)  et  fournit  plusleurs 
interpretations  des  resultats  de 
classification,  par  ailleurs  satisfalsants  : 

Toutes  les  zones  urbalnes  (vllles. 
villages,  hameaux,  batiments)  ont  ete 
extraites  du  clutter  et  ceci  independcunment 
de  la  polarisation  ou  de  1* inclinaison. Les 
zones  aquatiques  :  fleuves,  canaux,  lacs  ont 
ete  raises  en  evidence  dans  1 'ensemble  des 
images. Les  regions  boisees  :  forets  de 
coniferes  ou  de  feulllus  sont  separees  des 
zones  de  prairie-parcellaire. 

Les  resultats  obtenus  permettent  la 
separation  en  classes  de  zones  non  dlstlnctes 
visuellement  (villes  et  clutter)  et  le  zonage 
de  1 ' image  (sous  resolue)  en  grandes  classes 
d' occupation  du  sol,  avec  la  possibilite  dans 
un  second  temps  de  detainer  certaines 
parties  (pleine  resolution)  . 

Ces  resultats,  lors  d' Investigations 
ulterleures,  seront  evalues  sur  des  images  de 
radars  spatiaux  (bande  X,C,L). 

L' algorithme  de  segmentation- 
classification  est  raplde  et  souple 
d' execution  : 

-  traitement  automatique; 

-  traitement  supervise  -  le  photo- 

interprete  "pointe"  la  region  qu'il 
desire  extraire  e  I'aide  du  curseur. 

Par  ailleurs,  le  calcul  prealable  des 
informations  INFOl  (filtrage  moyen  de 
1' image),  et  INF02  (biais  par  rapport  e  la 
loi  de  Rayleigh)  peut  etre  effectue  en  temps 
diff6re,  les  informations  n'etant  calcuiees 
qu'une  seule  fois  pour  chaque  image. 

1-  A.  BEAUDOIN,  T.  Le  TOAN,  Q.H.J.  GWYN, 
"Observation  on  the  Effect  of  Geometric 
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DISCUSSION 


E.  Schweicher,  BE 

Avez-vous  songe  k  caracteriser  la  texture  a  I'aide  des  differents  parametres  de  Haralick 
ou  a  I’aide  de  la  distance  de  Bathakarya? 

Author’s  Reply 

Les  travaux  d’Haralick  s’appuient  sur  la  matrice  de  co-occurence  qui  constitue  une 
statistique  d’ordre  2,  or  nous  avons  proposd  pour  cette  etude  de  n’utiliser  que  la  statistique 
d’ordre  1  afin  de  montrer  son  intdret  pour  la  classification  d’images  SAR.  Cependant,  nous 
avons  compare  nos  resultats  avec  la  fonction  d’autocorrdlation,  montrant  ainsi  la  forte 
ressemblance  entre  les  deux  methodes. 
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D  UN  RADAR  IMAGEUR  BIPOLARISATION  HH-VV  ET  D'UN 
POLARIMETRE  TOTAL  HH-HV-VH-VV 
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RESUME 

Dans  I'optique  de  mettre  sur  orbite  un  satellite  d'observation  portant  un  radar  k  synthese  d’ouvenure  a  vocation  militaire,  il  est 
important  de  s'interesser  a  la  mesure  simultanee  de  plusieurs  polarisations  pour  augmenier  les  performances  du  systeme.  Cependant, 
I'incidence  de  ces  techniques  sur  le  debit  de  donnees  n'est  pas  ndgligeable  aux  resolutions  que  I’on  souhaite  atteindre.  11  faut  done 
analyser  I'interet  de  ces  nouvelles  methodes  multipolarisations  en  termes  de  gain  de  performances  en  detection  et  reconnaissance  de 
cibles  et  effectuer  un  compromis  avec  des  techniques  classiques  (tres  haute  resolution).  Le  propos  de  cet  article  est  de  quantifier  les 
performances  en  diteciion  et  reconnaissance  d'une  configuration  de  points  brillants  it  I’aide  d'un  radar  imageur  multipolarisation 
connu.  On  confirme  ainsi  que  la  bipolarisation  HH  -  VV  suffit  dans  bien  des  cas  et  qu'il  n'est  done  pas  n6cessaire  de  mesurer  les 
canaux  crois6s  HV  et  VH  qui  sent  trfes  couteux  en  terme  de  technologie. 

1.  INTRODUCTION 

L'observation  de  la  terre  en  technologie  hyperfr6quence  s’est  paniculifcremeni  d6velopp6e  avec  I'avfenement  des  radars  k 
synthase  d'ouverture  qui  allient  une  haute  resolution  g6ometrique  a  une  information  extremement  riche  puisque  le  systbme  est  actif, 
insensible  a  la  couverture  nuageuse  et  compl6mentaire  de  I'optique.  Une  nouvelle  etape  a  etd  franchie  lorsque  Ton  a  introduit  le 
principe  de  la  diversil6  de  polarisations.  En  effet,  I'imission  de  deux  polarisations  orthogonales  (notees  H  et  V  par  conventions)  et  la 
reception  des  canaux  directs  et  crois6s  pour  chaque  polarisation  6mise,  permet  de  fabriquer  4  images  au  lieu  d'une  seule,  not6es  HH, 
HV,  VH  et  V V  (voir  fig.  1 ).  Chaque  pixel  est  done  repr6sent6  par  4  complexes  formant  une  matrice  dite  "matrice  de  rttrodiffusion". 
Or,  il  a  6t6  montri  (ref.  6)  que  toute  polarisation  elliptique  peut  se  dfcomposer  de  manibre  unique  sur  la  base  (H,  V).  Ainsi,  il  est 
possible  de  calculer  I'image  dans  n'importe  quelle  polarisation  en  muliipliant  simplement  le  champ  6lcctrique  6mis  quelconque  par  la 
matrice  de  ritnxliffusion  mesurie. 


On  mesure  done  I'impaci  de  cette  technique:  en  effet.  si  it  partir  de  quatre  images  il  est  possible  de  ginirer  toutes  les 
polarisations,  on  a  acebs  b  la  description  blectromagnbtique  toiale  de  la  cible  et  on  peut  alors  se  placer  dans  les  meiUeures  conditions 
(couple  (polarisation  d'bmission,  polarisation  de  inception))  pour  observer  une  able  donnde. 


L'id^e  d'implanter  cette  technologic  dans  des  satellites  de  surveillance  et  d'observation  est  done  tout-i-fait  seduisante.  Par 
contre,  I'incidence  sur  les  specifications  techniques  n'est  pas  negligeable.  En  effet,  pour  realiser  un  polarimfetre,  il  est  necessaire 
d'implanter  deux  antennes  au  lieu  d'une  seule.  Celles-ci  devront  etre  suffisamment  isol^es  entre  elles  pour  qu'il  n’y  ait  pas  pollution 
d'une  polarisation  par  I'autre.  De  plus,  la  cadence  des  donnees  a  enregistrer  et  k  transmettre  est  multipliee  par  4  a  resolution  et  PRF 
constantes.  II  est  alors  possible  d'atteindre  des  debits  de  800  millions  de  bits  par  secondes  ce  qui  est  incompatible  avec  les 
technologies  disponibles  d'ici  la  fin  du  siecle.  Ainsi,  il  est  legitime  de  s'interroger  sur  I'apport  de  la  polarimetrie  en  termes  d'aide  a  la 
detection  et  i  la  reconnaissance  de  cibles,  travaux  couramment  effectues  par  les  photo-interpretes  et  officiers  de  renseignement. 

Cet  article  presente  une  methode  de  quantification  de  I'interet  de  la  pluralite  des  canaux  cohtirents  d'un  radar 
multipolarisation.  Le  developpement  est  organise  en  deux  parties: 

-  Aide  a  la  detection 

-  Aide  a  la  reconnaissance. 

Les  etudes  presentees  ici  ont  tite  mendes  sur  des  images  multipolarisation  coh^rentes  effectuees  par  le  radar  aeroportti  NASA 
JPL.  Ce  radar  est  implantti  i  bord  d'un  DCS.  Il  opire  sur  trois  frequences  (bandes  L,  C  et  P).  Seule  la  bande  C,  plus  proche  de  nos 
preoccupations  a  ete  utilisee.  La  description  exacte  des  parametres  de  ce  radar  est  donnee  en  reference  6.  Deux  images  ont  ete 
exploitees; 

-  en  detection;  une  image  sur  la  zone  de  San  Francisco  et  plus  particulierement  sur  la  zone  du  Golden  Gate  Park 

-  en  reconnaissance;  une  image  sur  la  zone  du  lac  de  Goldstone  ou  des  mires  de  calibration  (diedres  et  trifedres)  avaient  ete 
placees. 

2.  AIDE  A  LA  DETECTION 


La  detection  d'une  cible  sur  une  image  radar  se  fait  par  seuillage.  soit  visuellement  sur  un  ecran,  soit  automatiquement.  En 
imagerie  hyperfrtiquence  tout  le  probleme  est  en  fait  ramene  i  une  reduction  du  speckle,  "bruit"  multiplicatif  du  a  la  nature  cohirente  de 
I'onde,  toujours  present  sur  les  images  radar.  Cette  reduction  peut  se  faire  "k  priori",  e'est-k-dire  sans  connaissance  prealable  du 
contenu  des  images  ou  posteriori",  c'est4-d'ire  en  exploitant  le  contenu  des  images.  Les  deux  m^thodes  sont  ici  exposdes. 

2. 1  Aide  4  la  detection  4  priori  (DAP) 

Le  moyen  utilise  pour  quantifier  la  quality  radiomdtrique  de  I'image  est  le  trac£  de  la  probability  de  classer  un  point  dans  $a 
zone  d'appanenance  en  fonction  de  la  probability  de  faire  une  erreur  de  classement.  Cette  technique  s'appaiente  tout  4  fait  aux  courbes 
Pd  =  f(Pfa)  utilisy  couramment  en  traitement  de  signal  radar. 

Ces  probabilitys  sont  calcuiyes  4  partir  des  histogrammes  locaux  des  images.  En  effet;  soit  p(I)  la  probability  d'occurrence  d'un 
niveau  I  dans  une  image  radar  sur  une  zone  homogyne.  Cetle-ci  s'exprime  par; 

oil  n  est  le  nombic  de  vues  additionnyes  de  maniyre  incohyrente  (nombre  de  looks  ou  de  polarisations) 
ou  P  est  la  valeur  moyenne  des  radiomytries  sur  la  zone:  P  =  <!> 

Ainsi,  soient  deux  zones  diffyrentes  voisines  dans  I'image  pour  lesquelles  on  veut  quantifier  le  contraste:  appelons  cible  (c) 
I'une  des  zones  et  environnement  (e)  I'autre  zone.  La  probability  de  classer  un  point  de  la  zone  (c)  de  niveau  a  dans  la  zone  (c)  est 
donnyc  par  Pd(a)  et  la  probability  de  classer  un  point  de  la  zone  (e)  de  niveau  a  dans  la  zone  (c)  est  donny  par  Pfa(a)  avec: 

Pd(a)  =  dt  et  Pfa(a)  =  J^“’Pe(‘)  (2) 


rempla^ons  Pc  et  Pe  par  leur  expression  (1),  on  trouve: 

i=n-l 


i=n-I 


(3) 


La  thyorie  montre  done  que  plus  on  additionne  de  canaux  indypendants,  plus  la  quality  de  I'image  sera  yievde.  Cest  bien  la  technique 
utiHsye  (multilook)  pour  ryduire  le  speckle.  Cette  technique  peut  etre  rymilisye  ici  en  additionnant  de  manifere  incoh6ente  les  diffyrentes 
polarisations  obtemies.  On  obiient  I'image  SPAN  (HH+HV+VH+VV).  Pour  quantifier  I'importance  des  diffyrents  canaux,  nous 
allons  mesurer  les  courbes  de  probability  sur  les  trois  systimes  suivants  simulds  4  partir  du  SAR  JPL. 


-  Monopolaiisation  HH 

-  SPAN  bipolarisation  HH+VV 

-  SPAN  multipolarisation  HH+HV+VH+VV 
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Les  zones  utilis^es  pour  cette  mesure  ont  £t£  prises  &  I'interieur  du  pare  du  Golden  Gate  (voir  figure  2)  ou  Ton  identifie  deux 
types  de  radiom^tries:  des  zones  sombres  correspondant  au  stade,  aux  lacs  et  aux  chemins  (non  rugueuses)  et  des  zones  claires 
(arbres). 


Figure  2:  Zone  du  Golden  Gate  Park:  en  rouge:  zone  de  type  "environnement",  en  vert:  zones  de  type  "cible" 
La  figure  3  montre  les  resultats: 


Pd 


Figure  3:  Courbes  de  quantification  sur  les  zones  du  Golden  Gate  Park:  DAP 
Deux  remaques  peuvent  etie  imm^liateffient  effectudes  concernant  ces  r£$ultats: 

-1-  On  constate  une  nette  am^ioration  entie  HH  et  HH-i-W  (gain  de  0.15  en  probability)  ce  qui  est  conforme  li  la  thdorie. 

-2-  On  constate  une  trfcs  faibie  amyiioration  entre  HH+VV  et  HH+HV+VH+VV.  ce  qui  tend  k  montrer  que  les  canaux  croisds 
n'ont  qu'une  faibie  inqxinance  dans  le  processus  de  detection.  Cela  peut  etre  expliqiid  par  le  fait  que  la  radiometrie  de  ces  demiers  est 


•  -i 


plus  faible  que  celle  des  canaux  directs  et  qu'ainsi  leur  contribution  k  I'anielioration  de  contraste  est  5  fois  plus  faible  que  celle  qui  est 
constatde  sur  les  canaux  directs  (voir  figure  3). 

2.2  Aide  <t  la  detection  maximale  a  posteriori  (DMAP) 

On  se  place  maintenant  dans  le  cas  ou  le  componement  polarimdtrique  des  cibles  est  connu.  La  zone  de  travail  teste  la  meme 
(pare  du  Golden  Gate)  zones  (e)  et  (c).  Par  la  mesure  des  matrices  de  letrodiffusion  assocides  4  ces  zones,  il  est  possible  de  gdndter 
une  image  dans  une  polarisation  "optimisant"  la  zone  (c)  par  rapport  &  la  zone  (e).  Les  techniques  utilisees  ici  ont  etd  ddveloppdes 
abondamment  par  le  JPL  (ref.  1  et  3).  Le  processus  a  ete  mend  en  bipolarisation:  on  obtient  une  image  dite  OPT2  (optimale  pour  2 
canaux),  et  en  multipolarisation  4  canaux:  on  obtient  une  image  dite  OPT4.  Les  courbes  de  quantification  ont  alors  dte  traedes,  on 
obtient  les  rdsultats  suivants: 


Figure  4:  Courbes  de  quantification  sur  les  zones  du  Golden  Gate  Park:  DMAP 
2  remarques  doivent  etre  faites: 

-1-  On  constate  une  amdlioration  des  rdsultats  par  rapport  k  la  DAP.  Cela  est  du  a  I'optimisation  effectude  sur  les  matrices  de 
letrodiffusion.  On  remarque  de  plus  que  OPT2  est  meilleur  que  HH+HV+VH+VV. 

-2-  On  ne  constate  pas  d'amdliorations  notables  entre  OPT2  et  OPT4.  Cela  confirme  les  premiers  rdsultats  obtenus  en  DAP  et  nous 
permet  de  conclure  pour  ce  cas  k  la  trds  nette  prdponddrance  des  canaux  directs  par  rapport  aux  canaux  croisds. 

2.3  Discussion  et  conclusions  sur  la  ddtection 

Les  rdsultats  obtenus  peuvent  etre  gdndralisds  aux  systdmes  radars  dont  la  cellule  de  rdsolution  est  grande  devant  la  longueur 
d'onde:  le  rapport  devant  etre  au  moins  supdrieur  i  20.  En  effet,  tant  que  le  speckle  teste  statistique,  les  theories  ddveloppdes  et 
appliqudes  ci-dessus  restent  valables.  Ainsi,  on  montre  ici  que  les  canaux  croisds  n'ont  qu’une  faible  incidence  sur  les  performances 
en  ddtection  et  qu'un  systdme  bipolarisation  HH  -  VV  cohdient  est  sufTisant  et  meme  meilleur  tadiorndtriquemem  qu'un  systdme  haute 
rdsolution  monopolarisation.  Cependant,  pour  etre  complets,  ces  travaux  doivent  etre  dtendus  &  la  reconnaissance.  Cest  ce  qui  est 
proposd  dans  la  seconde  partie  de  cet  article. 

3.  AIDE  A  LA  RECONNAISSANCE 

Le  propos  de  cette  partie  est  de  quantifier  I’apport  de  la  mullipolarisation  en  tant  qu'outil  d'aide  ^  la  reconnaissance  de  cibles 
di>  IS  une  image  radar.  Ne  disposant  pas  pour  I'instant  de  cibles  militaires  mesurdes  en  multipolarisation,  nous  nous  sommes  reportds 
sur  des  configurations  de  points  brillants  identifids  sur  une  image  radar  multipolarisatton  du  lac  de  Goldstone  (USA)  ou  avaient  dtd 
disposdes  des  mires  de  calibration  diddriques  et  triddriques.  Nous  nous  sommes  placds  dans  la  position  du  photo-interprdte  qui 
cherche  k  teirouver  dans  une  image  une  configuration  connue  par  ailteurs.  La  ddmarche  classiquement  utilisde  est  alors  la  suivante:  on 
effectue  une  comparaison  entre  une  rdfdicnce  connue  de  cette  cibie  et  I'image  de  travail.  En  optique,  cette  coinparaison  est  souvent 
matdrialisde  par  une  corrdlation  entre  la  rdfdience  et  I'image.  Cette  cotrdlation  donne  alors  une  figure  qui  est  seuillde  pour  conclure  i  la 
prdsence  ou  k  I'absence  de  la  cibie  dans  I'image.  La  figure  suivante  illustre  cette  ddmarche  classique; 
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K-k  colonnes 
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Figure  5:  Diagramme  de  correlation  d'images 
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Dans  le  cas  ou  Ton  traite  des  images  monopolarisation,  on  est  en  presence  de  fonctions  echanlillonnees  de  R  dans  R  (images 
classiques).  La  formule  de  conflation  est  alors  simple  et  nous  la  nommerons  ’’coirelation  scaJaire"  (CS).  On  obdent; 


/ 


C(m,n) : 


^  IF(m-p,n-q).T(p,q) 


A 


V 


y  XT(p.q)^ 


F(m,n)  est  I'image  de  travail  dans  laquelle  on  cherche  la  cible,  m  e  [0,  K]  et  n  €  [0,  L] 

T(p,q)  est  la  mire  de  rfffrence  (image  de  la  cible  mesurfe),  p  e  (0,  k)  et  q  e  (0, 1] 

C(m,n)  est  I'image  rfsultat  de  la  corrtlarion  ou  mire  de  ctHrfladon,  m  e  [0 ,  K-k],  n  e  [0,  L-1],  p  e  [0,  k]  et  q  e  [0, 1]  voir 
figure  5. 


Si  une  image  pixel  peut  8tre  assimilfe  i  I'fchantillonnage  d'une  application  de  dans  R  qui  a  tout  couple  de  coordonnfes 
discretes  (k,l)  fait  correspondre  un  niveau  radiometrique  n,  fimage  polarimftrique  est  d'une  toute  autre  nature.  Elle  est  en  particulier 
miiltispectrale,  c'est-i-dire  qu'4  tout  couple  de  coordonnees  (k,l),  on  fait  correspondre  un  vecteur  complexe  dont  la  dimension  est 
variable  en  foncrion  du  nombre  de  polarisations  dont  on  dispose.  Une  maniire  de  considfrer  le  problfme  est  la  suivante:  on  dfcompose 
les  champs  flectriques  sur  la  base  (H,V)  classique.  On  considfrera  ici  que  nous  sommes  en  monostatique  parfait,  c'est-ii-dire  que 
HV=VH. 

Soit  F(m,n)  le  vecteur  image  de  base  et  T(j,k)  le  vecteur  mire  i  corrflcr.  Pour  chaque  indice,  F  et  T  contiennent  done  les 
flfments  de  la  matrice  de  rftrodiffusion  dffinissant  le  pixel  polarimftrique.  On  aura  done: 


.HH  ^ 

F(m,n)=  VV  (5) 

Ihv  j 


HH,  HV  et  W  sont  les  termes  complexes  de  la  matrice  de  rftrodiffusion 

Dans  le  cas  d'un  radar  bipolarisation,  les  canaux  croisf s  peuvent  etre  annulf s  et  I'expression  de  F  devient: 

F(m,n)=(vv)  (6) 

Nous  nous  trouvons  done  confiontf  i  des  applications  de  R^  dans  C^  ou  C^.  La  formule  classique  de  conflation  se  transforme  alors 
de  la  maniire  suivante: 
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On  remarquera  au  numerateur  la  transformation  sesquilineaire  qui  corrfele  le  conjugue  de  la  mire  (T*)  avec  le  signal  complexe 
F.  Le  module  du  resultat  est  ensuite  divise  par  les  parametres  de  normalisation.  Le  resultat  C(m,n)  est  encore  un  scalaire  compris  entre 
0  et  1  qui  mesure  le  taux  d'homothetie  entre  I'image  et  la  mire  de  reference.  On  appellera  cetie  operation  "correlation  coherente 
complexe"  (CCC). 

APPLICATION; 

L'image  du  GoldStone  est  constituee  d'une  serie  de  diMres  et  de  triedres  disposes  sur  un  lac  assechc  plat.  Pour  pouvoir  tester 
l  efficacite  de  la  polarimetrie.  la  mire  uiilisee  doit  etre  constituee  de  reflecieurs  ayant  un  componement  polarimetrique  different.  Cest 
pourquoi  nous  avons  choisi  d’utiliser  une  mire  constituee  d’un  trifedre  et  de  deux  diedres  orientes  de  manieres  differentes.  On  trouvera 
ci-dessous  I'image  de  Goldstone  et  un  graphique  montrant  la  cible  choisie  parmi  les  dispositifs  de  calibration. 


Figure  6;  Image  de  Goldstone 

Les  r^flecteurs  sont  disposes  perpendiculairement  ^  la  ligne  de  vol  du  radar  et  inclines  de  45  degr^s  par  rappon  au  sol  (I'angle 
de  vis6e  utilisd  <tani  de  45  degnfs).  Le  r^flecteur  numdro  1  est  un  triidre  simple  orientd  &  45®.  Le  rdflecteur  numdro  3  est  un  difedre 
orientd  &  0  degrd  par  rapport  i  la  ligne  de  vol.  n  n'est  done  vu  que  pendant  la  moitid  de  la  traversde  dans  le  lobe  d'antenne  et  rdpond 
uniquement  en  HH  et  en  VV. 

Le  tdflecteur  numdro  2  est  un  diddte  orientd  Ik  45  degrds  par  rapport  i  la  ligne  de  vol.  La  rdtrodiffusion  est  importante  dans  les 
canaux  croisds  et  faible  pour  les  canaux  directs.  Cependant,  lors  de  rexpdrimentation  du  GoldStone,  ce  rdflecteur  n'a  pas  dtd 
correctemem  pusiiiunne  et  n  est  done  pas  trds  visible  (Ref  3).  Ces  tdflecteurs  se  repdrem  facilement  sur  I’image  du  GoldStone  ou  les 
rdflecteurs  sont  alignds  de  manidre  otdonnde.  La  Figure  7  permet  de  les  situer  et  de  les  ddcrire. 
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Deplacement  du  radar 


Figure  7:  Les  reflecteurs  du  GoldStone,  la  localisation  de  la  cible  choisie  et  la  description  des  points  brillants. 

RESULTATS: 

La  figure  8  pr^sente  les  resultats  obtenus  oour  toute  une  serie  d'experiences  de  correlation.  La  mire  de  reference  a  ete  simulee  a 
panir  d'un  simulateur  d'images  radar  de  cibles  g^ometriques  simples  (ref.  4).  Elle  a  ete  siniuMe  en  HH,  HV,  VH  et  VV.  On  dispose 
ainsi  de  tous  les  paramitres  n^cessaires. 

La  premiire  serie  d'experiences  a  6ii  realisee  en  CS.  On  a  done  corrdle  la  mire  HH-rHV-rVV  avec  les  images  suivantes: 

-  Image  HH 

■  Image  HH-i-VV 

-  Image  HH+HV+VH-t-VV 

-  Image  OPT2 

-  Image  OPT4 

La  seconde  serie  a  ete  realisec  en  CCC.  On  a  done  corteie  le  vecteur  mire  simuie  avec  les  vecteurs  images  suivants: 

-  Vecteur  image  compose  des  canaux  directs  (D)  ->  bipolarisation  HH  -  VV 

-  Vecteur  image  compose  des  canaux  cioises  (C)  ->  bipolarisation  HV-  VH 

-  Vecteur  image  complet  (DQ  -->  polarimetre 


Type 

Experience 

Valeur  du  pic  de  correlation 

Correct 

Image  HH 

0.46 

6dB 

NON 

HBSSISSBHI 

0,47 

12  dB 

NON 

CS 

C.49 

14  dB 

NON 

Image  OPT2 

0.4 

18  dB 

OUl 

Image  OPT4 

0,37 

20  dB 

OUl 

40  dB 

OUl 

CCC 

Vecteur  canaux  croises 

26  dB 

NON 

Vecteur  coirqtlet 

0,042 

38  dB 

OUl 

Figure  8:  Resultats  de  correlation. 


DISCUSSION: 

Sur  la  correlation  scalaire:  on  remarque  que  la  taille  ncamalisec  du  pic  de  correlation  augmente  de  HH  &  HH-t-HV-f'VH't-VV,  ce 
qui  est  normal  puisque  le  speckle  a  diminue.  II  en  est  de  mcme  pour  le  rappon  pic  de  ccHreiation  sur  environnement.  Par  contre,  le  pic 
de  correlation  n'est  pas  bien  place.  Cela  est  du  au  fait  que  I’information  phase  n'est  pas  utilisee.  Par  contre,  les  images  OPT2  et  OPT4 
donnent  une  correlation  coirecie  bien  que  le  pic  soit  moins  eicve.  L'information  phase  est  ici  utilisee  indirectement  puisqu'elle  sert  k 
generer  I'inuige  optimale.  On  remaiquera  au  passage  que  les  gains  sont  plus  eieves  quand  on  passe  de  la  monopolarisation  k  la 
bipolarisation  que  de  la  bipolarisation  au  polarimetre.  Cela  confitme  les  resultats  obtenus  en  detection  quant  aux  incidences  comparees 
des  canaux  directs  et  croises. 


Sur  la  correlation  cohereme  complexe:  La  valeur  normalisee  du  pic  de  correlation  est  dix  fois  moins  imponante  que  dans  le  cas 
scalaire.  Cela  est  du  au  fait  que  I'on  corrfele  aussi  des  phases  qui  ne  sont  pas  de  meme  nature  que  les  modules.  Par  centre,  le  rapport 
pic  sur  environnement  atteint  40  dB.  Le  resultat  est  done  bien  meilleur,  au  sens  du  taux  de  fausse  alarme.  La  correlation  sur  les  canaux 
croises  ne  donne  pas  un  resultat  correct  car  I’approximation  utilisee  pour  si.'*".i!er  la  mire  de  reference  dans  les  canaux  croises  n  est  pas 
liable.  Cependant,  ce  mauvais  resultat  ne  perturbe  pas  la  correlation  complete,  ce  qui  confirme  une  fois  de  plus  la  faible  imponante  des 
canaux  croises. 

4.  CONCLUSIONS 

Ces  resultats  pennettent  d'apporter  les  conclusions  suivantes:  la  bipolarisation  HH  -  VV  est  au  sens  de  la  detection  et  de  la 
reconnaissance  de  cibles  un  outil  tres  utile  pour  le  photo-interprete  quand  celui-ci  se  sen  de  I'image  comme  suppon  du  signal.  En  effet, 
la  reduction  de  4  a  2  voies  ne  fait  baisser  que  ties  legerement  les  performances.  Plus  precisement.  les  methodes  developpees  n'offrent 
qu'une  faible  sensibilite  aux  canaux  croises  qui  sont  radiometriquement  20  dB  inferieurs  aux  canaux  directs. 

Ces  conclusions  sont  cependant  tirees  de  tests  effectues  4  panir  de  cibles  simulees  par  approximations.  En  particulier  les 
tnidres  et  difedres  du  GoldStone  ont  ete  assimilds  it  des  cibles  geometriques  simples  ce  qui  ne  correspond  pas  a  la  realite.  11  sera  done 
necessaire  par  la  suite  de  confirmer  ces  conclusions  en  utilisant  des  mesures  de  cibles  reelles.  On  peut  penser  que  les 
resultats  seront  meilleurs  puisque  les  mesures  nous  rapprocheront  encore  plus  de  la  realitd.  Ceci  est  d'autant  plus  vrai  en  ce  qui 
conceme  les  canaux  croises  pour  lesquels  on  aura  une  mesure  liable. 
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Is  multl-polarizatlon  frequency  dependent?  Would  it  bring  advantages  for  detection 
and  imaging  of  hard  targets  at  X-band? 
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I 


Actuellement,  i' analyse  fine  de  la  struc¬ 
ture  d’une  able  radar,  en  vue  de  sa  caracteri- 
satlon  et  de  sa  reconnaissance,  est  un  centre 
d’ IntAret  de  la  recherche  sclentlf Ique. 

Le  but  de  cet  article  concerne  1' amillora- 
tion  du  pouvolr  de  discrialnation  et  de  classi¬ 
fication  des  zones  brlllantes  d'une  clble  par 
1' Introduct  ton  du  concept  de  la  polar Indtrle 
dans  le  domalne  de  1' laager le  dlectroaagndtlque 
haute  rdsolut Ion. 


1  -  INTRODUCTION. 

L' Imagerle  Radar  est  ullUsAe  pour  effec- 
tuer  I'analyse  fine  de  la  signature  de  clbles. 
Le  problAmc  Inverse  de  la  diffraction  Alectro- 
magnAtlque  est  en  vole  d’Atre  rAsolu  en  retrou- 
vant  a  partlr  de  la  connalssance  du  champ  coa- 
plexe  rAtrodlffusA.  les  coordonnAes  gAomAtrl- 
ques  et  les  proprlAtAs  physiques  des  contrlbu- 
teurs  AlAmentalres.  Par  calculs.  se  constrult 
une  Image  ElectromagnAt Ique  Haute  RAsolutlon  de 
la  clble  dans  le  plan  d' observat Ion. 

L'apport  du  concept  de  la  polarlaAtrle 
dans  I'analyse  fine  de  la  signature  d'une  clble 
nous  a  permls  de  dAvelopper  une  mAthode  orlgl- 
le  permettant  d'obtenlr  une  Image  AlectromagnA- 
tlque  haute  rAsolutlon  qul  solt  optlmale  dans 
la  discrimination  des  zones  brlllantes,  en  rAa- 
llsant  une  adaptation  des  Atats  de  polarisation 
de  I'onde  Amlse  A  la  senslblltA  maxlmaie  de  la 
clble  afln  que  celle-cl  rAtrodlffuse  le  maximum 
d' Anergle. 

En  parallAle  A  I'Atude  sur  1 ' amAl location 
du  pouvolr  de  discrimination,  sont  venus  se 
greffer  les  problAmes  classlques  de  la  “recon¬ 
naissance",  qul  consistent  A  dAteralner  quel les 
sont  les  caractArlstlques  physiques  et  gAomA- 
trlques  de  la  clble  qul  sont  A  I'orlglne  des 
zones  brlllantes  local IsAes  A  partlr  des  Images 
AlectroaagnAtlques  haute  rAsolutlon. 

A  partlr  de  la  “thAorle  phAnoaAnologlque 
des  clbles  radar’,  AnoncAe  par  J.R  HUYNEN,  nous 
avons  dAveloppA  une  mAthode  orlglnale  de  clas¬ 
sification,  qul  nous  a  conduit  A  la  conception 
d'un  systAae  “Intelligent*  de  caractArlsatlon 
de  la  structure  d'une  clble,  basAe  sur  1' uti¬ 
lisation  des  nodAles  de  rAseaux  neuronaux. 


2  -  HOUXaUPRlE  RADAR. 

L'holographle  radar  Cl},(21  est  un  procA- 
dA  condulsant  A  la  rAallsatlon  d'une  Image 
AlectroaagnAtlque  haute  rAsolutlon  d'une  clble 
radar  conplexe,  A  pactlr  de  la  connalssance  des 
valeurs  du  champ  AlectromagnAtlque  rAtrodlffusA 
par  celle-cl  relevA  en  fonctlon  de  deux  paramA- 
tres  de  mesure;  la  frAquence  d' Amission  (f) 
alnsl  quo  la  position  angulalre  (8)  du  radar 
par  rapport  au  centre  de  phase  de  la  clble. 

Le  coefficient  de  rAtrodlf fusion  reprA- 
sente  le  rapport  du  champ  de  I'onde  rAflAchle 


par  la  clble  et  de  I'onde  Incidents  au  niveau 
de  la  source.  Ce  coefficient  complexe  tradult 
un  affalbl issement  et  un  dAphasage. 

De  plus,  le  coefficient  de  rAtrodlffuslon 
est  fonctlon  du  couple  de  polarisation  utlllsA 
A  I'Amlsslon  et  A  la  rAceptlon. 

L' Image  AlectromagnAtlque  haute  rAsolutlon 
est  obtenue  par  sommatlon  cohArente  sector lei le 
des  rAponses  Impulslonnel les  reprAsentant  les 
fonctlons  temporelles  de  I'Acho  renvoyA  par  la 
clble.  L' Image  radar,  alnsl  obtenue,  reprAsente 
la  projection  des  points  brlllants  dans  le  plan 
d' observat Ion,  ce  qul  permet  de  local Iser  spa- 
tlalement  les  positions  des  centres  de  diffrac¬ 
tion. 


La  figure  n“l  donne  la  reprAsentatlon  gAo- 
mAtrique  d'une  image  radar. (O' , xr. yr, zr)  est  le 
trlAdre  de  rAfArence  radar,  dAflnlssant  la  base 
de  polarisation.  (O.X.Y.Z)  est  le  trlAdre  de 
rAfArence  clble,  dAnommA  Agalement  "repAre 
avlonneur".  Le  point  0  reprAsente  le  centre  de 
phase  de  la  clble.  AprAs  construction,  nous 
obtenons  1' Image  radar  de  la  clble,  oCi  le  cen¬ 
tre  de  phase  est  sltuA  au  centre  de  I 'Image,  et 
ou  I'onde  Incldente  provlent  du  haut  de  1' Image 

2.1  -  Formulation  mathAmatlque. 


ConsldArons  qu' une  clble  radar  pulsse  se 
dAcomposer  en  une  somme  flnle  de  N  contrlbu- 
teurs  IndApendants  et  possAdant  la  proprlAtA 
d' Isotropic  frAquent lei le. 

Le  coefficient  de  rAtrodlffuslon  s'exprtme 
alors  par: 

5(k)  * 

l  «l 


ou  a^  dAslgne  I'amplltude  conplexe  du  con- 
trlbuteur,  et  le  vecteur  dAflnlssant  sa  po¬ 
sition  spatlale  dans  le  repAre  clble. 
L'expresslon  (1)  peut  Aualement  se  mettre  sous 
la  forme: 

■  III  [  Z;.  «*-*•' 

oil  5(}{)  dAslgne  la  distribution  de  Dirac  tridl- 
nensionnel  le.  Posons:^ 


ii  (2) 


1(){)  “  ^  m,  (3) 
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oil  Kit)  reprAsente  1' Image  trldlmenslonnelle  de 
la  clble  radar.  Dans  ce  cas,  la  relation  (2) 
peut  Atre  consldArAe  comae  la  transforaAe  de 
Fourier  trldlmenslonnelle  de  I 'Image,  ce  qul 


donne: 

nil 


Sit)  e’l®^  dit 


(4) 


Habltuel lament,  I'analyse  est  restrelnte 
au  cas  bldlaenslonnel  en  Imposant  k^mO.  Cecl 

permet  d'obtenlr  une  reprAsentatlon  des  con- 
trlbuteurs  proJetAs  sur  le  plan  z”0.  Alnsl,  A 
partlr  de  la  connalssance  du  coefficient  de 


k 


r^trodlffuslon  global  mesur^  en  fonctlon  du 
couple  (f,0),  1‘ Image  Electromagnet Ique  haute 
resolution  de  la  clble  complexe  est  determlnee 


par: 


I()?)=4 


fS(f,0)e 


2jnf-(  Xcome«yal  n0  ) 

^  dfdO 


(5) 


•'r’e 

ou  le  couple  (x,y)  reprEsente  les  coordonnEes 
du  vecteur  dam  le  plan  de  la  clble. 


3  -  CIBLE  COMPLEXE  MESUREE. 

Afln  de  verifier  les  travaux  effectuEs 
dans  le  domaine  de  la  Polar ImEtrle,  et  de 
valider,  par  la  mesure,  les  rEsultats  obtenuc 
par  simulation,  une  campagne  de  mesure  a  EtE 
effectuEe  sur  une  clble  complexe  dans  la  cham- 
bre  anEchoique  du  CELAR,  durant  le  mo  is  de 
Mars  1989,  (3). 

La  clble  complexe  est  constltuEe  de  quatre 
clbles  simples,  canoniques  et  IndEpendantes.  A 
savoir  : 

-  un  dlpEle  mEtaillque  horizontal  d*une 
longueur  de  65  cm  et  d'un  dlamEtre  de  1  mm. 

-  une  plaque  mEtaillque  carrEe  de  surface 
S  =  2  cm  . 

-  une  sphEre  de  dlamEtre  7  cm. 

-  un  dlpEle  mEtaillque.  de  mEmes  caractE- 
rlstlques  que  le  prEcEdent,  mals  orlentE  d‘un 
angle  0  =  45*  autour  de  la  llgne  de  vlsEe  du 
radar.  Ce  dlpEle  n’appartlent  pas  au  plan  de  la 
clble  mals  lul  est  perpendlculalre. 

La  localisation  de  ces  ElEmcnts  sur  le 
support  de  mesure  est  reprEscntEe  sur  la  figu¬ 
res  n*2. 

En  fonctlon  de  la  bande  d’ analyse  (8-12.4 
GHz),  les  dimensions  des  clbles  canoniques  ont 
EtE  d^termln^es  afln  de  vErlfier  le  postulat 
5ul vant .  A  savoir: 

**Toute  clble  complexe  peut  se  dEcoi^oser 
sn  une  sonne  flnle  de  clbles  sla^lea,  canonl- 
^ues,  IndEpendantes  et  Isotropea**. 

Alnsl,  en  travail lant  en  zone  optlque, 
c’est-A-dlre  en  llmlte  supErleure  de  la  zone  de 
rEsonajice.  la  clble  complexe  peut  Etre  modEH- 
sEe  par  un  ensemble  dc  sources  ponctuelles 
IndEpendantes  appelEes  encore  contrlbuteurs 
ElEmentalres.  ou  tout  slmplement  points  brll- 
lants. 


3.1  -  Images  ElectroaagnEtlques  obtenues. 

Afln  d'obtenlr,  toute  1 ’ Informat Ion  rela¬ 
tive  A  la  clble  complexe,  11  est  nEcessalre  de 
concevolr  et  d’utlllser  un  systEme  radar  vecto- 
rlel  possEdant  deux  antennes  Emission  rEcep- 
tlon,  dont  I’Etat  de  polarisation  de  chacune 
d'entre  elle  est  HE  A  une  base  canonlque  de 
I'espace  des  Etats  de  polarisation,  solt  par 
example  Horizontal  -  Vertical. 

A  r Emission,  le  champ  Electrlque  E  de 
Tonde  ElectromagnEtlque  aura  en  alternance,  la 
polarisation  horlzontale  puls  vertlcale.  La  cl¬ 
ble  rElrodlffuse  pour  ces  deux  Etats  de  polari¬ 
sation  une  onde  ElectromagnEtlque.  dont  le 
champ  Electrlque  possEde  un  Etat  de  polarisa¬ 
tion  qul  est  d’une  manlEre  gEnErale  purement 
elltptlque.  A  la  rEceptlon,  ce  champ  rEtrodlf- 
fusE  se  dEcompose  sur  la  base  canonlque  des 
Etats  de  polarisation  en  deux  composantes 
(horlzontale  et  vertlcale)  reprEsentant  les 
amplitudes  des  oscillations  ItnEalres  le  long 
des  axes  x  et  y  du  trlEdre  de  propagation. 

IM  tel  systEme  radar  vectorlel  est  alors 
capable  de  foumlr  toute  I*  Information  relative 
A  la  clble  sous  la  forme  d’une  matrtce  de  rEtro- 
dlffueion  et  non  plus  d'un  slig>le  coefficient 
de  rEtrodlf fusion. 


En  effectuant  une  mesure  de  la  clble  au 
moyen  d’un  tel  systEme  vectorlel  dont  le  couple 
de  base  des  Etats  de  polarisation  est  le  couple 
(H,V),  quatre  Images  ElectromagnEt Iques  Haute 
REsolution  correspondant  A  chacun  des  termes  de 
la  matrlce  de  rEtrodiffuslon  peuvent  alors  Etre 
construites.  L’antenne  radar  se  sltuant  en  haut 
des  Images,  11  est  alors  alsE  de  dEterminer  la 
correspondance  de  ces  zones  brlllantes  par  com- 
paralson  avec  la  localisation  des  clbles  ElEmen- 
taires  sur  le  support  de  mesure.  Ces  Images 
sont  reprEsentEes  figure  n*3. 

L’examen  de  ces  reprEsentatlons  graphiques 
montre  que  les  Images  "cross-polau'lsEes" ,  c’est 
A-dire  cel les  obtenues  A  la  rEceptlon,  avec  une 
polarisation  orthogonale  A  celle  de  I’Emlssion 
(HV.VH),  ne  font  apparaltre  qu’une  seule  zone 
brillante  correspondant  au  dipEle  orlentE  A  45* 
par  rapport  A  la  llgne  de  vlsEe  du  radau'.  DQe  A 
son  orientation,  cette  clble  rEtrodlffuse  toute 
son  Energie  d’une  manlEre  EquirEpartle  dans 
chaque  canal  (HH.HV.VH  ou  VV).  II  est  important 
de  noter  lors  de  I’examen  de  1* image  Electroma¬ 
gnEtlque  VV,  1’ absence  significative  de  toute 
zone  brillante  llEe  A  la  prEsence  du  dlpdle 
horizontal.  En  examinant  plus  attentlvement 
1* image  ElectromagnEtlque  obtenue  lors  d’une 
Emission  et  d’une  rEceptlon  horlzontale.  une 
quatrlEme  zone  brillante  apparait  en  haut  de 
1’ Image.  Cette  zone  correspond  au  dlpdle  hori¬ 
zontal  . 

L'examen  global  de  ces  quatre  Images  Elec¬ 
tromagnEt  Iques  Haute  REsolution  montre  que 
toute  I ’ I nformat ion  relative  A  la  clble  est 
blen  contenue  dans  la  Matrlce  de  rEtrodlffu- 
sion,  et  qu’ll  est  nEcessalre  de  la  connaltre 
afln  d’Etudler  au  mleux  toute  clble  complexe. 

De  plus.  Etant  A  la  beise  mEme  de  la  thEorle 
PolarlmEtrique  des  ondes.  11  est  absolument 
indispensable  de  pouvolr  mesurer  et  d’obtenlr 
la  matrlce  de  rEtrodiffuslon  d’une  clble  par  un 
systEme  radar  vectorlel  avant  d’lntrodulre  tout 
concept,  quel  qu'll  solt,  de  la  PolarlmEtrle 
dans  le  domaine  de  1’ Imager  I e  radar. 


4  -  IKTRODUCTION  DU  CONCEPT  DE  LA  POLARIME* 
TRIE  DANS  LE  DOMAINE  DE  L'INACERIE 
ELECTROMAGNETIQUE  HAITTE  RESOLUTION. 

La  discrimination  des  zones  brlllantes 
d’une  clble  complexe  A  partlr  des  Images  Elec¬ 
tromagnEt  Iques  haute  resolution  peut-Etre  amE- 
1 lorEe  lorsque  celles-cl  sont  construites  A 
partlr  de  la  connalssance  des  matrices  de  rEtro¬ 
diffuslon  dEllvrEes  par  un  systEmes  radar  vecto- 
riel . 

Cette  discrimination  pourra  Eire  optlmisEe 
en  Introdulsant  lors  de  la  construction  des 
Images  ElectromagnEt Iques  haute  resolution,  la 
thEorle  de  la  polarlmEtrle  des  ondes  Electroma- 
gnEtiques  basEes  sur  I’Etude  des  proprlEtEs 
algEbrlques  des  matrices  de  rEtrodiffuslon. 

La  premlEre  approche  conslste  A  reconstrul- 
re  les  matrices  de  rEtrodiffuslon  A  partlr  des 
rEponses  frEquent lei les,  afln  d'Etre  en  accord 
avec  la  dEflnltlon  premlEre  d'une  matrlce  de 
rEtrodiffuslon  qul  est  en  fait,  caractErlst Ique 
d’une  clble  pour  une  frequence,  une  position  et 
un  couple  de  polarisation  donnEs.  Cependant, 
les  matrices  de  rEtrodiffuslon  construites  A 
partlr  des  rEponses  frEquentielles  ne  peuvent 
fournlr  qu’une  Information  globale  sur  la  clble 
complexe.  c'est-A-dlre  en  consldErant  comae  une 
entitE  I'ensemble  des  clbles  simples  (contribu- 
teurs  ElEmentalres)  formant  la  clble  complexe 
EtudlEe. 

A  partlr  des  rEponses  frEquentielles,  11 
est  alsE  de  dEterminer  les  rEponses  Impulslon- 
nelles  correspondantes  en  appllquant  une  simple 
transformEe  de  Fourier.  Alnsl  nous  est  fournle 
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line  inforB»tion  suppl^nentaire  peraettant  la 
localisation  des  contrlbuteurs  et  la  d^ternl- 
natlon  de  leur  position  spatlale  proJet6e  sur 
I'axe  radar-clble.  L’exanen  des  r^ponses  Inpul- 
slonnelles,  aontre  que  toute  1' Inforaation 
relative  &  la  clble  coaplexe  y  est  contenue, 
notaiBaent  1' Inforaation  de  position  qul  est 
non-n6gl Igeable  lors  de  la  dlscrlalnatlon  des 
points  brlllants.  Pour  cette  raison,  11  seable 
alors  assez  natural  de  reconstrulre  les  matri¬ 
ces  de  r^trodlf fusion  &  partlr  des  r6ponses 
lapulslonnel les  obtenues. 

Unomaons  par  “Opirateur  lEHR",  le  proc^dd 
peraettant  de  construire  les  Images  Electroma- 
gn^tlques  Haute  Resolution.  Get  op^rateur 
s'exprlae  sous  la  forme  sulvante: 

I(?)  =  I  I  S(f.e)  df  de  (6) 

L‘ expression  S(f,e)  est  la  reponse  fr6- 
quentlelle  de  la  clble  [x>ur  une  position  6  et 
une  frequence  f  donneos.  L’examen  de  1’ expres¬ 
sion  de  I’operateur  lEHR,  raontre  que  celul-cl 
fait  Intervenlr  la  Transformee  de  Fourier 
Inverse  de  la  fonctlon  (f.Slf.el),  calcuiee  en 
fonctlon  de  t.  L’operateur  lEHR  ne  realise  en 
fait  qu’une  somroation  coherente  des  derlvees 
des  reponses  lapulslonnel les. 

II  a  ete  montre  expl Icltement  dans  [4] 
qu'il  etalt  parfaltement  possible  de  recons¬ 
trulre  directement  les  matrices  de  retrodlf- 
fuslon  e  partlr  des  Images  electromagnet Iques 
haute  resolution  alnsl  obtenues.  La  demarche 
retenue  constste  a  reconstrulre  la  matrlce  de 
retrodlffuslon  a  partlr  des  valeurs  complexes 
(ampl Itude, phase)  contenues  dems  les  pixels  des 
Images  electromagnet Iques  haute  resolution, 
correspondant  au  contrlbuteur  etudie,  permet- 
tant  aussl  d'obtenlr  une  "•atrlce  de  retrodif- 
tuslon  spatlale". 


S  -  APPOHT  DU  CONCEPT  DE  LA  POLARINETRIE 
DANS  L’lHACERIE  HAUTE  RESOLUTION. 

5. 1  -  Introduction. 

Malntenant  qu‘11  est  possible  de  recons¬ 
trulre  les  matrices  de  retrodlffuslon  spatlales 
a  partlr  de  la  connalssance  des  quatre  Images 
Electromagnet Iques  Haute  Resolution,  nous  pou- 
vons  asslmller  les  quatre  Images  a  une  "Matrlce 
Image"  et  lul  appliquer  les  techniques  propres 
a  la  Polarlaetrie. 

L’objectlf  fixe  est  d'obtenlr  a  partlr  de 
la  connalssance  des  quatre  Images  Electromagne- 
tlques  Haute  Resolution,  une  Image  unique  qul 
pulsse  contenir  a  elle  seule,  toute  1' Informa¬ 
tion  relative  a  la  clble,  et  qul  solt  done  per- 
formante  au  niveau  de  la  discrimination  des 
zones  brlllantes. 

Cela  revlent  en  fait  a  determiner  la  base 
des  etats  de  polarisation  "optlmale"  qu’ll  faut 
appliquer  aux  antennes  d’ Emission  et  de  Recep¬ 
tion  pour  obtenlr  le  maximum  de  puissance  retro- 
dlffusee  par  la  clble  dans  un  des  deux  canaux 
de  copolarisatlon  (XX  ou  YY). 

Comae  11  est  Impossible,  sans  connalssance 
a  priori  de  I'etat  de  polarisation  optlmale, 
d’aglr  physlquement  au  niveau  des  antennes, 
nous  allons  pouvolr,  uniquement  par  traltement, 
reconstrulre  une  image  qul  solt  performante  du 
point  de  vue  de  la  discrimination  et  qul  reste 
cependant  cohArente  du  point  de  vue  de  la  rAa- 
llta  physique. 

Cette  mAthods  va  nous  permettre  de  rAall- 
ser  une  adaptation  a  la  sensibllltA  maxlmale  de 
la  clble,  vue  dans  son  ensemble,  du  point  de 
vue  de  sa  "polarisation",  en  vue  de  la  maximisa¬ 
tion  de  sa  puissance  rAtrodlffusAe. 


5.2  -  DAtermlnatlon  de  I’lmage  "SPAN". 

A  partlr  de  la  connalssance  des  quatre 
images  Electromagnet Iques  Haute  Resolution, 
nous  construisons  I’lmage  Span  representant  la 
puissance  transportee  dans  la  matrlce  de  retro- 
diffusion  spatlale  avec  : 

Span  ISI  =  |S.J^+|S  (7) 

La  propriete  importainte  du  Span  est  son 
Invariance  quelle  que  solt  la  base  des  Atats  de 
polarisation  Emission  /  Reception  utilisee  [5]. 

L‘ Image  SPAN  est  prAsentAe  figure  n'4. 

Cette  Image  Span  contlent  toute  1' Informa¬ 
tion  de  puissance  llAe  A  la  clble  et  maximise, 
pair  lA  mAme,  la  dynamlque  de  1’ image. 

Cette  Image  non  cohArente,  fournit  un  sup¬ 
port  d' Information  permettant  la  localisation 
des  maxima  locaux. 

5.3  -  Determination  de  I’lmage  "FULL-POLAR” 

La  premiere  IdAe  lors  de  la  construction 
d’une  image  performante  pour  la  discrimination 
des  surfaces  brlllantes,  a  AtA  de  maxlmlser  cha- 
que  zone  de  I'espace  clble,  en  determinant 
I'Atat  de  polarisation  caractArlstlque  corres¬ 
pondent  . 

Alnsl  pour  chaque  zone  de  1' Image,  la  ma- 
trlce  de  retrodlffuslon  spatlale  est  recons- 
truite  A  partlr  des  energies  contenues  dans  les 
quatre  pixels  correspondents. 

La  base  des  vecteurs  pseudo-propres  (XI . 

X2)  est  alors  dAtermlnAe,  peraettant  alnsl  de 
diagonal Iser  la  matrlce  de  retrodlffuslon 
spatlale. 

La  puissance  maxlmale  regue  dans  la  base 
des  vecteurs  pseudo-propres  est  Agale  A  la  ma¬ 
gnitude  de  la  clble  (n),  qul  correspond  au  mo¬ 
dule  de  la  valeur  propre  aeodmale  de  la  matrlce 
de  retrodlffuslon  spatlale  dlagonallsAe. 

L’ Image  “full-polar"  prAsente  alnsl,  en 
chacun  de  ses  points,  la  S.  E.  R  maxlmale  de  la 
clble,  A  condition  que  ceux-cl  solent  AclalrAs 
par  retat  de  polarisation  caractArlstlque  qul 
leur  est  assoclA.  Cette  Image  est  reprAsentAe  A 
la  figure  n*5. 

II  est  evident  que  cette  Image,  blen  que 
trAs  riche  en  information,  ne  prAsente  qu'un 
malgre  IntArAt  physique,  pulsqu’ll  n’exlste  au- 
cune  cohArence  de  point  en  point  en  ce  qul  con- 
cerne  les  bases  de  polarisation  caractArlstlque 
utlllsAes. 

En  effet,  chaque  point  est  llA  A  une  base 
caractArlstlque  unique,  dans  laquelle  la  puis¬ 
sance  rAtrodlffusAe  par  la  clble,  en  ce  point 
de  I'espace,  est  maxlmale.  Cecl  se  vArlfle  par 
I'examen  de  I’lmage  "co-polar  X-X",  qul  permet 
de  retrouver  le  dipOle  horizontal  obtenu  par  un 
couple  de  polarisation  Emlssion/RAceptlon  horl- 
zontale  alnsl  que  le  dlpAle  orlentA  A  45*  qul, 
lul,  a  AtA  obtenu  par  un  couple  de  polarisation 
Emlssion/RAceptlon  llnAalre  de  45*. 

5.4  -  Etude  et  maximisation  d’une  zone 

particuliAre  de  I’lmage  Radar. 

Une  autre  application  de  I’utilisatlon  du 
prlncipe  des  Atats  de  polarisation  caractAris- 
tlque  consiste  A  Atudier  une  zone  particuliAre 
de  1' Image  en  cherchant  A  dAterminer  la  polari¬ 
sation  caractAristlqur  peraettant  d’obtenlr  une 
rAponse  maxlmale  du  point  brlllant  AtudlA. 

Prenons  comae  exeaple  la  zone  brlllante 
correspondant  au  dlpAle  orlentA  A  45*.  A  partlr 
des  quatre  Images  ElectromagnAt Iques  Haute  Re¬ 
solution  la  matrlce  de  retrodlffuslon  spatlale 
est  reconstrulte,  et  s’exprlae  par  ; 
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CS] 


-1,116  ♦  J1.932  -1,140  ♦  Jl,898 
-1,065  +  J1.92S  -1,147  ♦  J2,011 


(8) 


La  resolution  du  probiene  aux  valours  pro- 
pres  conduit  &  la  deterainatlon  de  I'etat  de 
polarisation  caracteristlque  XPOLL  Null,  donne 
par  le  vecteur  X  suivant  ; 


/T. 


041 


1,02  +  JO, 021 


(9) 


Le  vecteur  de  Jones  correspond  en  fait, 

4  une  polarisation  elllptique,  qul  est  trds  pro- 
che  d’une  polarisation  linealre  canonlque  de 
+45"  donnee  par  le  vecteur  de  Jones; 


X  = 


1 


(10) 


A  partlr  de  la  connalssance  du  vecteur  de 
Jones  X^,  la  matrlce  de  passage  unltaire  [Ul, 


foraee  des  deux  vecteurs  XPOLL  Nulls  est  egale 
4; 


[U] 


041 


1,02+ JO, 021 


1.02 

-0, 99- JO, 02 


(11) 


Les  Images  Electronagnetlques  Haute  Reso¬ 
lution  correspondent  4  ces  etats  de  polarisa¬ 
tions  reaarquables  appllquAes  aux  antennes 
Eralsslon/Recept Ion  sont  obtenues  en  effectuant 
le  changement  de  base  dans  I’espace  des  pol2u'l- 
satlons  en  appllquant  la  relation: 

(S’)  =  (Ul^tSKU)  (12) 

Les  Images  alnsl  reconstrultes  sont  repre¬ 
sentees  figure  n*6. 

L'examen  de  ces  quatre  nouvelles  laaiges 
Electromagnet iques  Haute  Resolution  montre  que 
la  zone  brlllante  correspondant  au  dipdle  orlen- 
te  4  45'  se  retrouve  nalntenant  unlquement  dans 
riEHR  correspondent  au  canal  AA  (A  represen- 
tant  retat  de  polarisation  XPOLL  Null  et  B 

representant  I’etat  polarisation  XPOLL  Null  X  ) 

'i 

oCi  toute  I'energie  retrodlffusee  s*y  trouve 
regroupee . 

II  n’exlste  plus  de  zones  brillantes  dans 
les  Images  Electromagnet iques  Haute  Resolution 
cross-polar isees  (AB;  BA)  ce  qui  prouve  que  la 
matrlce  de  diffraction  spatlale  a  blen  ete 
diagonal Isee. 

De  plus,  il  n'exlste  pas  de  zone  brlllante 
dems  le  canal  BB  correspondant  4  une  emission 
reception  orthogonale  4  I’orlentatlcn  du  dlpfl- 
le,  d’oO  1' absence  de  retrodlffuslon. 

Les  zones  brillantes  correspondant  4  la 
plaque  et  4  la  sphere  ne  sublssent  aucun  chan¬ 
gement  dO  4  leur  Insenslblllte  polarlaetrlque 
aux  changeaents  d’etats  de  polarisations 
1 inealres. 

De  plus,  dQ  au  changement  de  la  base  des 
etats  de  polarisation  Emission  Reception,  pas¬ 
sage  de  (H:V)  4  (+45*;-45'),  le  dlpdle  horizon¬ 
tal  est  nalntenant  vu  comae  etant  orlente  de 
45*  par  ra|^rt  4  I’axe  de  vises  du  radar, 

Cette  "pseudo*  orientation  se  tradult  par  la 
presence  de  quatre  zones  brillantes  correspon- 
dant  au  dlp61e  liorlzontal  dans  chaque  Image 
ElectromagMtlque  Haute  Resolution, 


5.5  -  Determination  de  1’ Image  Optimale 
d’une  cible. 

Dans  les  paragraphes  precedents  11  a  ete 
montre  qu’il  etalt  possible  de  deteralner  la 
polarisation  reaarquable  lies  4  une  zone  brll- 
lemte  partlculiere  pernettant  alnsl  d’optlalser 
la  puissance  retrodlffusee  dans  un  canal  co  po¬ 
larise. 

Nous  allons  nalntenant  montrer  qu’il  est 
possible  d’effectuer  le  neme  traltenent  afln  de 
determiner  un  etat  de  polarisation  qul  soit 
optimal  pour  la  cible  vue  dans  son  ensemble, 
afln  de  maxlmlser  sa  puissance  retrodlffusee 
dans  un  des  deux  canaux  co-polarlses. 

Pour  cela,  nous  avons  developpe  un  algo¬ 
rithms  (4)  dont  le  synopsis  est  represente 
figure  n*7. 

A  partlr  de  la  connalssance  des  quatre 
Images  Electrom2gnetiques  Haute  Resolution, 

1’ Image  Span  representant  la  puissance  trauis- 
portee  par  la  matrlce  de  retrodlffuslon  spa- 
tiale  est  construlte. 

A  partlr  de  1' Image  Speui,  qul  contlent 
toute  1' information  de  puissance  liee  4  la 
cible,  11  est  alors  possible  de  locallser  par 
un  simple  precede  de  balayage  llgne-colonne, 
les  positions  de  ces  maxima  locaux  appartenant 
4  I’espace  cible. 

Apres  application  d’un  crltere  d' elimina¬ 
tion,  qui  consiste  en  un  simple  seulllage  4  ne 
gander  que  les  maxima  signif icatifs,  I’etat  de 
polarisation  optimal  est  alors  en  mesure  d’etre 
determine  4  partir  des  etats  de  pol2U'isation 
caracteristique  lie  4  chacun  de  ces  maxima. 

Afin  de  lever  toute  amblgulte  sur  I’ampll- 
tude  et  la  phase  propre  de  chaque  vecteur  de 
polarisation  caracteristique,  I’etat  de  polari¬ 
sation  est  represente  par  son  rapport  de  polari¬ 
sation  clrculaire  14). 

A  partir  de  la  connalssance  de  tous  les 
rapports  de  polarisation  determines  pour  chaque 
maximum,  le  rapport  de  polarisation  optimale 
pour  I’ensemble  de  I’lmege  est  obtenu  4  partlr 
d’ un  precede  de  calcul  base  sur  la  methode  du 
barycentre. 

Une  fois  le  rapport  de  polarisation  opti¬ 
male  determine,  11  est  alors  alse  de  reconstrul- 
re  le  vecteur  de  Jones  associe,  et  de  former 
ainsi  la  matrlce  unltaire  de  changement  de  base 
gr4ce  4  la  relation  (12). 

La  determination  des  nouvelles  Images 
Electromegnet iques  Haute  Resolution  dans  la 
base  optimale  s’effectue  par  un  simple  chan¬ 
gement  de  base  dans  I’espace  des  etats  de  p< la- 
risatlon  permettant  d’obtenir  des  Images  d’une 
cible  radar  qul  solent  perforaantes  pour  la 
discrimination  des  contrlbuteurs  eiementalres 
la  composauit. 

II  est  important  de  noter  que  la  notion  de 
"perforqiance"  est  definle  Id,  d’une  nanidre 
heurlstlque,  par  la  quantlte  et  la  quallte  de 
1’ Informr.tlon  contenue  dans  1’ image. 

5.5.1  -  Determination  geometrique  de 

I’etat  de  polarisation  optimale. 

L’espace  de  travail  que  nous  util Isons  est 
la  sphere  de  Poincare,  qul  peraet  de  falre  cor- 
respondre  d'une  aaniei-e  dlrecte  chacun  de  ses 
points  avec  un  etat  de  polarisation  unique  et 
physlqueaent  realisable. 

La  methode  util isee,  est  bases  sur  1’ etude 
de  1’ angle  salllant  2ir,  qul  possede  la  proprie- 
te  Interessante  d'etre  liee  dlrectement  4  la 
puissance  totale  de  I’onde  retrodlffusee  par  la 
cible. 

A  partlr  de  la  connalssance  de  la  matrlce 
de  retrodlffuslon  spatlale  liee  4  chaque  maxi- 
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■UB  local,  la  base  des  vecteurs  pseudo-propres 
diagonal Isant  la  aatrice  IS]  est  alors  d^terml- 
n6e  en  &  partir  de  la  resolution  d'un  probieme 
aux  valeurs  propres.  Le  vecteur  de  Jones  >n  de 
la  base  orthonoraale  des  vecteurs  pseudo  pro¬ 
pres  deteraine  I’etat  de  pol2u'lsatlon 

qul  peraet  d’obtenir  une  puissance  retrodiffu- 
see  aaxlaale  dans  le  canal  de  co-polarlsatlon 
Xl-Xl.  Cette  puissance  est  egale  e  la  aagnltude 
de  la  clble  (b‘‘)  et  correspond  au  nodule  de  la 
plus  grande  valeur  propre  de  la  natrlce  [SI. 

Le  vecteur  de  Jones  l^Ia.a.^.x),  116  6 
l'6tat  de  polarisation  de  I'antenne  de  r6cep- 
tion,  est  repr6sent6  sur  la  8ph6re  de  Poincar6 
par  un  point  P.  Consid6rons  une  onde  incldente 
sur  cette  antenne  de  reception,  repr6sent6e  par 
le  vecteur  de  Jones  £(b, obtenu  6 
partir  de: 

E  =  IT]  X  (13) 

oti  IT]  est  la  natrlce  de  r6trodiffusion  spatla- 
le  caract6rlstlque  d’une  partle  quelconque  de 
la  clble.  Cette  onde  est  repr6sent6e  sur  la 
sph6re  de  Polncar6  par  un  point  P*. 

D6flnlssons  1’ angle  salllant  2r  sous 
lequel  est  vu,  du  centre  de  la  sph6re.  I’arc  de 
cercle  d’extr6Blt6s  P  et  P‘.  La  puissance  tota- 
le  de  I’onde  Incldente  reque  dans  la  base 
(5(1,  )g)  s'exprlne  par: 

P  *  a^  b^  cc8^(r)  (14) 

TOT 

La  puissance  reque  dans  le  canal  de  co  po¬ 
larisation  X-X  s’exprlne  par  la  relation: 

Pjjjj  =  ;  l£(X)r  (HI  lg(X)l  =  iTjJ*  (IS) 

0(1  [M]  est  la  natrlce  de  Mueller  li6e  6.  la  na¬ 
trlce  de  r6trodlf fusion  IT). 

La  natrlce  de  r6trodlffusion  spatlale  a 
r lnconv6nlenl  d’etre  d6pendante  de  la  phase 
absolue,  cc  qul  peut  6tre  source  d’erreurs  fon- 
danentales  dans  toute  nanlpulatlon  nath6natlque 
lors  de  I'oubll  de  la  notion  de  coli6rence. 

La  natrlce  de  Mueller  a  I’avantage  d’etre 
r6elle  et  lnd6pendante  de  la  phase  absolue. 
pulsqu’elle  est  116e  6  la  notion  de  puissance 
et  non  6  la  notion  de  chanp.  Pour  cela,  toute 
nanlpulatlon  nathenatlque  peut  etre  effectuee 
d’une  naniere  tout  6  fait  Incoherente. 

Consld6rons  une  clble  coBpos6e  de  N  con- 
trlbuteurs  lnd6pendants.  Isotropes  en  frequence 
et  sufflsanaent  eiolgnes  les  uns  des  autres 
afln  d’evlter  tout  phenonene  de  couplage  et 
d’ Interaction  eiectronagnetlque.  Dans  ce  cas  la 
puissance  totale  r6trodlffus6e  dans  le  canal  de 
co-polarlsatlon  ](-}(,  par  I’ensenble  de  la  clble 
peut  s’ecrlre: 

Pxx  -  I  IM,j]l5(X)]  ■  [  |T  .1*  (16) 

L’objectlf  de  la  nethode  est  done  de 
deterniner  I’etat  de  polarisation,  repr6sent6 
par  le  vecteur  de  Jones  }(,  qul  naxlnise  la 
puissance  P^  r6trodlffus6e  dans  le  canal  de 

co-polarlsatlon 

S.S.2  -  Procedure  de  detenslnntlon. 

Aprds  avoir  ddtemlne  pour  cinque  naxlaua 
local  le  vecteur  peeudo-propre  qul  lul  est 
associe,  un  classenent  de  ces  naxlnn  par  ordre 
croissant  est  effectud  en  fonctlon  de  la  valeur 
du  SPAN  correspondante.  Cm  classenent  ddteralne 
I’ordre  d’ application  de  la  nethode. 


Dans  ce  cas  la  tase  des  etats  de  policisa- 
tlon  optlnale  (X  ,X  )  est  confondue  avec 

“opt 

la  base  des  vecteurs  pseudo-propres  et 

la  puissance  reque  dans  le  canal  de  co-polarl¬ 
satlon  X  -X  est  egale  4  la  nagnltude  m 

opt  “opt  (1) 

lie  4  ce  contributeur. 


Considerons  naintenant  le  deuxiene  naxinun 
local,  represente  par  son  vecteur  de  Stokes 
g(](l)  sur  la  sphere  de  Po'ricare.  En  prenant  le 
vecteur  de  Stokes  g(X  )  conne  vecteur  de 

“opt 


reference,  11  est  alors  possible  de  deflnlr 
entre  ces  deux  vecteurs,  un  angle  salllant  2/. 
La  longueur  de  I’arc  separant  ces  deux  vecteurs 
est  egale  4  27R.  nais  conne  la  sphere  est  prise 
de  rayon  unite,  cette  distance  se  redult  4  la 
valeur  2t. 

Le  fait  de  rendre  1’ angle  2r  nul  a  conne 
effet  de  falre  colncider  de  nouveau  les  deux 
vecteurs  de  Stokes  g()(l),  c’est-4- 

dlre  de  privliegler  physlquenent  la  puissance 
retrodiffusee  par  ce  deuxiene  contributeur. 

Or  le  vecteur  de  polarisation  X  est 

“opt 


li|  au  contributeur  pr6c6dent  par  la  puis“ 
sance  assoc  i6e. 

L*6tat  de  polarisation  globale  X  116  6 

“opt 

ces  deux  contributeurs  est  d6terBin6  6  partir 
d’un  nouvel  angle  saillant  2t*  satisfaisant  la 
relat ion: 


2y*  = 


2 

m 

(2) 


2y 


(17) 


-  *  w? 

(1)  (2) 

Le  nouvel  angle  saillant  27’  est  ainsl  de¬ 
termine,  et  11  est  alors  possible  de  retrouver 
le  nouveau  vecteur  de  polarisation  X  par 

Opt 


construction  geometrique. 

Nous  somnes  malntenant  en  presence  d’une 
nouvelle  base  de  polarisation  optlnale 

X  ,  )  116e  4  ces  deux  contributeurs.  II  reste 

optj^ 


cependauit  4  determiner  la  puissance  reque  dans 
ce  nouveau  canal  de  co-polarlsatlon  X  -X 

opt  “opt 

Pour  cela,  11  est  ais6  de  deterniner 
retat  de  polarisation  des  ondes  r6trodiffus6e8 
par  ces  deux  contributeurs  lorsque  ceux*cl  sont 
6clair6s  par  le  vecteur  de  polarisation  X  , 

“opt 

en  utlllsant  la  relation: 

E  =  IS]  X  .  (18) 

■“  —opt 

ou: 

[g(E)]  =  [H]  [g(X  )]  (19) 

—  —  "ODt 


La  puissance  reque  dans  le  canal  de  co  po¬ 
larisation  X  -X  est  alors  donn6e  par: 

*"opt  opt  ^ 


X  -X 

opt  opt 


(20) 


Cette  puissance  est  alors  affectee  au  vec¬ 
teur  de  polarisation  X^^^  et  prend  valeur  de 

’polds’  lors  de  la  deternlnation  du  nouvel 
angle  salllant  2r’  4  I’etape  suivante. 

Considerons  la  procedure  reiteree  4  1’ or¬ 
dre  I.  Le  vecteur  de  polarisation  optlnale  X^^ 

a  done  ete  deternlne  4  partir  des  (i-i)  etapes 
precedentes,  et  le  polds  qul  lul  est  affsete 

est  egal  4  b“  -  P„  „  . 

X  -X 
opt  opt 


Cette  procedure  est  Inltlallsee  en  affec- 
tant  au  vecteur  de  le  vecteto*  de  polarisa¬ 
tion  XI  He  au  naxinun  local  possAdant  la 
valetn*  du  SPAN  la  plus  eievSe. 


II  est  alors  possible  de  deflnlr  entre  les 
vecteurs  de  Stokes  st  g(XI,).  He  au 

naxinun  local  n*i.  Tangle  salllant  2r. 

L’ angle  2r’  deflnlssant  le  nouveau  vecteur 
de  polarisation  optlnale  X,^  H4  cette  fols 
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aux  1  contrlbuteurs, 
2r‘  =  ■ 


st  d6terBln6  sulvant: 


2 

■ 

opt 


(21) 


Une  fois,  le  nouveau  vecteur  de  polari¬ 
sation  25^^^  d6teriiln6  par  construction  g6oa6trl- 

que  A  partir  de  la  connalssance  de  1’ angle  2t' , 
la  puissance  r6trodlffus6e  dans  ce  nouveau 

canal  de  co-po lari sat  Ion  X  -X  est  6gale 

opt^  opt 

'  (22) 


X  -X 

opt  opt 


5 


La  procedure  est  r6it6r6e  pour  tous  les 
aaxiaa  locaux  de  I'laeige.  Uhe  fols  teralnie, 

les  6tats  de  polarisation  X  et  X  vont 

opt  opt^ 

peraettre  de  dbflnlr  une  natrlce  unltalre  de 
cheuigeaent  de  base  [U  I. 

opt 

La  determination  des  nouvelles  Images  Elec¬ 
tromagnet  Iques  Haute  Resolution  dans  la  base  de 
polarisation  optlmale,  s'effectue  par  simple 
changement  de  base  selon  (12)  dans  I'espace  des 
polarisations  permettant  d'obtenlr  les  Images 
de  la  clble  radar  oQ  la  puissance  retrodiffusee 
se  trouve  maxlmlsee  dans  le  canal  de  co-polarl- 
satlon  X  -X 

~opt  opt 


Le  synopsys  de  cette  procedure  est  repre¬ 
sente  figure  n*8,  en  considerant  la  presence  de 
N  maxima  locaux. 


5.6  -  Conclusion. 

Au  cours  de  ce  chapltre,  nous  avons  expose 
une  methode  permettant  d’obtenlr  A  partir  de 
la  connalssance  des  quatre  Images  Electromagne- 
tiques  Haute  Resolution,  une  Image  unique  qul 
puisse  contenir  A  elle  seule,  toute  1’ informa¬ 
tion  relative  A  la  clble,  et  qul  solt  done 
“performante"  au  niveau  de  la  discrimination 
des  zones  brillantes. 

L'objectif  etait  en  fait  de  determiner  la 
base  des  etats  de  polarisation  ^ optlmale"  qu’il 
fallait  appllquer  aux  antennes  d’Ejsisslon  et  de 
Reception  pour  obtenir  le  maximum  de  puissance 
retrodiffusee  par  la  clble  dans  un  des  deux 
canaux  de  co-polarisation  (XX  ou  YY). 

Les  resultats  obtenus  ont  montre  que  le 
couple  des  etats  de  polarisation  optlmale, 
represente  d' une  manlAre  generate  par  les  let- 
tres  X  et  Y,  correspond  A  un  couple  de  polari¬ 
sations  orthogonales  purement  elliptique. 

Ainsi,  sans  aucune  connalssance  de  la 
clble,  ou  plutet  de  la  localisation  de  ses 
zones  brillantes  dans  I’espace  clble,  il  aurait 
ete  impossible  d’eiglr  physlquement  A  priori, 
sur  les  etats  de  polarisation  des  antennes 
d’ Emission  et  de  Reception  pour  obtenir  une 
telle  image  de  la  clble.  Image  qui  peut  etre 
conslderAe,  malntenant,  comme  performante  pour 
la  discrimination  des  contrlbuteurs  eiementai- 
res  de  la  cible  radar. 


5.5.3  -  RAsultats. 

Les  Images  Electromagnet Iques  Haute  Reso¬ 
lution  ainsi  reconstrultes  sont  presentees 
figure  n*9. 

L’examen  de  ces  Images  Electromagnet iques 
Haute  Resolution,  montre  une  fols  de  plus,  que 
toute  1’ Information  relative  A  la  cible  comple- 
xe  est  contenue  dans  un  seul  canal  co-polarisA 
correspondant  au  couple  de  polarisation 
emission-reception  X  -X 

opt  opt 

La  methode  utlllsee  n’a  pas  permls  de  dla- 
diagonallser  la  matrlce  image  pulsque  I’etat  de 
polarisation  determine  correspond  A  I’etat  de 
polarisation  optlmale  globale  pour  la  clble  vue 
dans  son  ensemble. 

Cependant,  cette  methode  a  permls  de  mlnl- 
mlser  I’energle  reque  dans  les  canaux  cross- 
polarlses,  et  maxlmiser  celle  contenue  dans  le 
canal  co-polarlse  correspondant  au  couple  de 
polarisation  2(  -S  ('14,0SdB  au  lieu  de 

Opt  opt 

-15, 14dB). 

Le  couple  des  etats  de  polarisation  optl- 
aale,  represente  id  par  les  lettres  X  et  Y, 
correspond  A  un  couple  de  polarisations  ortho¬ 
gonales  purement  elliptique. 

O  couple  est  reprAsente  par  le  vecteur  de 
Stokes  = 

(g„)  .  ■  1 
O  opt 

(l.)  _  ■  0,457601 

*  (23) 

(g J  ■  0,887362 

a  opt 

(g,)  -  0,066470 

3  opt 

qul  est  lie  aux  parametres  gAometr iques  de 
I’elllpee  de  polarisation  suivmnts: 

#  -  31,36*  et  T  >  1,618* 

opt  opt 

deflnissant  un  couple  d’Atats  de  polarisation 
qumslment  llnAalre  (31,36*)  et  powAdant  une 
assez  falble  etllpticlte. 


6  -  APPORT  DU  CONCEPT  DE  LA  POLARIHETRIE 
DANS  LA  CLASSIFICATION  DE  CIBLES. 

6,1  -  Introduction, 

En  paralieie  avec  I’Atude  sur  1’ image  elec¬ 
tromagnet  ique  haute  resolution  dAveloppAe  au 
chapltre  precedent,  sont  venus  se  greffer  les 
problAmes  classlques  de  la  reconnaissance  des 
cibles,  en  vue  de  classifier  puis  d’ Identlfer 
les  zones  brillantes. 

L’objectif  conslste  A  determiner  qu’elles 
•■ont  les  caractAristlques  physiques  et  gAomA- 
trlques  de  la  clble  qul  indulsent  les  points 
brl Hants  localises  sur  1’ image  AlectromagnA- 
tlque  haute  resolution.  Pour  cela,  est  isolAe  A 
partir  des  quatre  images  radar,  la  zone  conte- 
nant  le  point  brillant  A  Atudler.  A  partir  des 
matrices  de  rAtrodlffuslon  spatlales,  11  est 
possible  de  caractArlser  les  formes  gAometrl- 
ques  de  la  clble  canonlque  qui  ont  contribuA  A 
la  formation  du  point  brillant,  grAce  aux  mA- 
thodes  classlques  de  reconnaissance  polarlmA- 
triques,  basAes  notamment  sur  I’Atude  de  la 
fourchette  de  polarisation  qul  conduit  A  la 
definition  d’une  classification  des  cibles  dl- 
tes  simples,  ou  A  partir  des  signatures  pola- 
rimAtriques  dAfinles  par  ZEBKER  et  VAN  ZYL.  Ces 
signatures  polarimAtriques  reprAsentent  la  va¬ 
riation  de  la  puissance  rAtrodlffusAe  dans  les 
canaux  de  co  polarisation  et  de  cross  polarisa¬ 
tion,  en  fonction  des  diffArentes  combinalsons 
prises  par  les  etats  de  polarisation  A  1’ Amis¬ 
sion  et  A  la  reception.  Un  Jeu  de  signatures 
polarlmetrlques  HA  A  des  modAles  de  cibles 
canonlques  permet  1’ identification  du  phenomAne 
de  rAtrodlffuslon  observe  par  I’analyse  de  la 
typologle  des  courbes  obtenues. 

Toute  r information  qu’il  est  possible 
d’extralre  d'une  clble  est  obtenue  A  partir  de 
la  matrlce  de  rAtrodlffuslon.  L’ information 
contenue  dans  cette  matrlce  dAcrit  le  processus 
complexe  de  1’ interaction  entre  la  structure  de 
la  clble  et  I’onde  Anise.  La  "tliAorle  phAnomA- 
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nologlque  des  clbles  radar"  6nonc6e  par  J.R 
HUYNEN  peraet  d'en  d^gager  la  structure  et  les 
proprl6t6s  caract6rlstlques  de  la  clble.  Dans 
ce  chapltre,  nous  prteentons  le  "dlagranme 
structurel  d’une  clble",  alnsl  que  les  neuf 
"paraadtres  de  Huynen"  qul  en  d^coulent.  A 
partlr  des  rAponses  Inpulslonnel les  de  la 
clble,  vue  en  spdculaire,  nous  Bontrons  la 
correlation  exlstante  entre  les  valeurs  prises 
par  ces  paraaetres  et  les  caractArlstlques 
physiques  et  g6oB6trlques  des  contrlbuteurs  de 
la  clble. 

A  partlr  de  la  thAorie  phAnoaenologlque, 
nous  prisentons  une  aethode  " Intel llgente"  de 
caracterlsatlon  de  la  structure  d'une  clble, 
basAe  sur  I'utlllsation  des  aodeies  de  rAseaux 
neuronaux. 


cette  notion  de  soBaation  coherente.  En  utlll- 
sant  la  representation  en  puissance,  11  est 
alors  plus  aise  de  dlscrlalner  la  clble  de  ces 
deux  envlronnements  gr&ce  A  cette  notion  d" ad¬ 
dition  non  coherente,  oH  la  clble  et  les  deux 
envlronnements  sont  alors  consideres  comae 
trols  entltes  totaleaent  Independantes. 

Ce  prlnclpe  de  discrimination  est  4  la 
base  meme  du  theoreme  de  decomposition  de  J.R 
HUYNEN  [5], 

La  matrlce  de  reflexion  de  Stokes,  ou 
Matrlce  de  Mueller  [M],  etabllt  une  relation 
llneaire  entre  les  vecteurs  de  Stokes  associes 
aux  ondes  incldente  et  retrodiffusee  14),  avec: 

[Ml  =  tA)*J[SI  «  [Sl*j  [A)'*  (25) 


7  -  DESCRIPTION  PHENOHENOLOGIQUE  D'UNE 
CIBLE  RADAR. 

7.1-  Les  paraaetres  de  HUYNEN. 

La  matrlce  de  rAtrodlffuslon  tSl  etabllt 
une  relation  llneaire  entre  les  vecteurs  de 
polarisation  associes  aux  ondes  Incldente  et 
retrodiffusee  telle  que  ; 

^  =  [SI  Ej  (24) 

Cette  matrlce  represente  le  champ  electro¬ 
magnet  Ique  retrodlffuse  decrlvant  en  amplitude 
et  en  phase  une  entlte  qul  peut  etre  denommee 
"clble".  II  convlent  en  ce  point  de  lever  une 
aablgulte  qul  est  souvent  source  de  confusion 
dans  1 ’ Interpretation  de  la  matrlce  de  retro- 
diffusion. 

En  effet,  11  ne  faut  pas  oubller  que  cette 
matrlce,  une  fols  mesuree,  fournlt  une  repre¬ 
sentation  de  ce  que  perqolt  le  radar,  et  que 
1 '  Information  qu'elle  contlent  est  alteree  par 
la  variation  des  parametres  d'observatlon  mis 
en  Jeu  (frequence,  etat  de  poleirlsatlon,  forme 
d'ondel  alnsl  que  par  la  localisation  de  la 
clble  dans  son  envlronnement  et  par  sa  position 
vis  4  vis  du  radar.  La  confusion  generalement 
falte  est  de  conslderer  la  matrlce  de  retrodlf- 
fuslon  comae  la  reponse  d'une  "clble  pure"  4 
une  exltatlon  electromagnet Ique.  Hals  c'est 
oubller  que  la  matrlce  [S]  est  dependante  de  la 
phase  absolue,  ce  qul  slgnifle  qu'elle  resulte 
d'un  processus  complexe  de  sommatlon  coherente 
de  tous  les  phenomenes  eiectromagnetlques  crees 
PCS'  la  source  d' emission  dans  1' envlronnement 
radar-cible. 

Le  but  de  la  theorie  phenoaenologlque  est 
de  caracterlser  la  clble  comae  un  "objet"  de  la 
faqon  la  plus  precise  qu'll  solt,  autrement  dit 
de  dlscrlalner  et  d'extralre  cet  "objet"  de  son 
envlromneaent,  en  le  conslderant  alors  comae 
"debarasse*  de  toutes  les  alterations  occaslon- 
nees  par  1' observation.  L'objectlf  final  de 
cette  caracterlsatlon  est  de  determiner  4 
travers  1' analyse  du  signal  retrodlffuse,  une 
representation  de  la  clble  qul  solt  non  brul- 
tee. 

Pour  cela,  11  est  necessalre  d'utlllser 
une  representation  en  terse  de  puissance  pour 
la  description  du  phenoaene  de  retrodlffuslon. 
L'avantage  de  cette  representation  est  1' elimi¬ 
nation  de  la  phase  absolue  de  la  clble,  c'est-4 
-dire  qu'elle  fait  mppel  4  une  notion  de  soama- 
tton  non  coherente  des  phenoaenes  eiectromagne- 
tlques.  II  est  alors  possible  d' Interpreter 
plus  alsdaent  la  contribution  de  cheque  points 
brl Hants,  consideres  aalntenant  comae  Indepen¬ 
dents. 

C'est  le  cas,  par  exeaple,  d'une  clble 
placee  dans  deux  envlronncaents  totaleaent 
dlfferents.  La  clble  reste  toujours  la  aeme, 
alors  que  les  aatrlces  retrodlffuslon  ae- 
surees  sont  tout  4  fait  dlfferentes  4  cause  de 
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J.R.  HUYNEN  a  red6f)nl  cette  matrlce  de 
MUELLER.  [5],  avec: 


A 

0  o 
C 
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C 
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(27) 


oil  les  coefficients  A  ,  B  ,  B,  C,  D,  E,  F,  C, 

et  H  sont  connus  sous  le  nom  des  "parametres  de 
HUYNEN", qul  sont  de  la  plus  grande  Importance 
dauis  la  theorie  phenoaenologlque  des  clbles, 
car  Independants  de  tout  modeie,  done  appllca- 
bles  4  tout  type  de  clble.  Sachant  qu'll  exlste 
une  correlation  tres  forte  entre  les  valeurs 
prises  per  ces  parametres  et  les  caracterlstl- 
ques  physiques  et  gAometrlques  de  la  clble,  11 
convlent  de  rappcler  brievement  leur  significa¬ 
tion: 

AO  :  generateur  de  syaetrie  de  la  clble. 

BO-B  :  generateur  de  la  non-syoetrle  de  la 
clble. 

BO-i-B  :  mesure  de  1  ’  Irregularlte  de  la  clble. 

C  :  facteur  de  forme. 

D  :  indlcateur  de  la  forme  locale. 

E  :  phenomene  de  la  torsion  de  la  clble. 

F  :  phenomene  d’heilcite  de  la  clble. 

C  :  couplage  entre  les  parties  symetrlques 
et  non-symetrlques  de  la  clble. 

H  :  orientation  de  la  clble. 


L' etude  des  parametres  de  Huynen  lies  4 
une  zone  brlllante  permet  une  bonne  approche 
dans  la  reconnaissance  des  caracterlstlques 
physiques  et  geomAtrlques  de  la  clble  eiemen- 
talre  etudiee  [4]  puisqu’ll  exlste  une  correla¬ 
tion  tres  forte  entre  les  valeurs  prises  par 
les  parametres  de  Huynen  et  les  cecacteristl- 
ques  physiques  et  geoaetrlques  de  la  clble. 

7. 2  -  Identification  de  la  structure  d’une 
clble  radar  par  la  methode  des 
reseaux  neuronaux. 


A  partlr  de  la  thdorle  phenoaenologlque  de 
la  clble,  11  est  alors  possible  de  concevolr 
une  methods  "Intel llgente’  de  caracterlsatlon 
de  la  structure  d'une  clble,  permettant  alnsl  4 
un  systems  radar  de  classifier  puls  d' Identi¬ 
fier  r objet.  La  methods  proposes  repose  sur 
r utilisation  des  reseaux  neuronaux.  dont  1' ob¬ 
ject  If  conslste  en  une  aodeiisatlon  prlaaire  de 
1' architecture  du  cerveau  humatn,  dont  le  faut 
est  d' employer  ses  capacltes  d'^jprentlssage  et 
de  decision. 

Par  analogle  avec  le  problems  de  la  recon¬ 
naissance  vlsuelle  des  formes,  1' architecture 
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des  r6seaux  de  neurones  mis  en  place  pour  la 
caract6rlsatlon  de  la  structure  de  la  clble, 
est  calqu6e  sur  1’ organisation  du  systime 
vlsuel  huaaln.  Dans  une  telle  architecture, 
cheque  couche  regolt  1’ Information  de  la  couche 
pr6c6dente  et  transmet  le  r6sultat  de  sa  deci¬ 
sion  vers  la  couche  sulvante.  Les  deux  couches 
extremes  correspondent  A.  la  couche  qui  reqolt 
ses  entrees  du  milieu  exterleur  d'une  part,  et 
la  couche  qul  fournlt  le  resultat  final  d’ autre 
part.  Les  couches  Intermedlalres  sont  appeiees 
les  couches  cachees.  La  structure  d'un  reseau 
de  neurones  mono-couche  est  representee  figure 
n*10. 

7.3-  Definition  du  rdseau  de  neurones. 


La  princlpale  definition  d'un  reseau  de 
neurones  consists  A  determiner  le  nombre  de 
neurones  d' entrees,  celul  des  couches  cachees, 
et  le  nombre  de  sorties. 

L' etude  precedemment  menee,  a  montre  qu'll 
etalt  tout  e  fait  possible  de  caracterlser  la 
structure  d’une  clble  d  partlr  de  la  connals- 
sance  de  la  matrlce  de  Mueller.  L’ Informat ion 
contenue  dans  cette  matrlce  de  puissance  va 
done  Imposer  le  nombre  de  neurones  d' entrees  A 
16,  correspondent  aux  seize  coefficients 
contenus  dans  la  matrlce  de  Mueller. 

Le  nombre  de  sorties  est  par  definition 
asms  Halts.  Celul-cl  est  fixe  A  6,  correspon- 
dant  au  nombre  de  clbles  canonlques  deflnlssant 
A  priori  la  population  des  clbles  test  cholsles 
arbltralrement . 

Ayant  cholsl  une  structure  de  reseau  mono 
couche  (peu*  analogle  entre  reconnaissance  de 
clbles  et  perception  vlsuelle),  le  nombre  de 
neurones  appartenant  A  la  couche  caches  est,  de 
toute  evidence  assez  deilcat  d  determiner.  SI 
ce  nombre  est  trop  Important,  le  reseau  a 
tendance  d  dupllquer  les  elements  de  la  couche 
cachee.  SI  ce  nombre  est  trop  petit,  le  reseau 
requlert  dans  ce  cas,  un  grand  nombre  d' Itera¬ 
tions  lors  de  I'apprentlssage,  et  la  precision 
finale  n'est  peis  optimale.  En  etudlant  pour 
chaque  axone  de  sortie  la  senslblllte  de  I'er- 
reur  globale  (£)  d  I'eilmlnatlon  de  celul-cl, 
sulvant: 


S  «  E 
(K.J) 


US  >0 

Ik.J) 


110  0 

(M  1=1  1  ^  °  ° 

‘  dip  a  0  0  0  0 

0  0  0  0 


1-10  0 

(M  1=1  -1100 
DIP  V  a  0  0  0  0 

0  0  0  0 


10  0  1 

fM  1=1°  °  °  ° 

'HELC''a0  0  0  0 

10  0  1 


■  1  0  0-1 
,=1  0  0  0  0 
HELD  Z  0  0  0  0 

-10  0  1 


La  phase  d’apprentlssage  est  la  phase  la 
plus  lm[x>rtante  car  ddcldante  des  performances 
du  reseau.  Elle  conslste  d  presenter  sdquen- 
tiellement  aux  neurones  d’entree  les  clbles 
canonlques  d  memorlser.  Pour  chacune  d’ entre 
el les,  la  rdponse  observde  est  comparee  d  la 
rdponse  thdorlque  attendee.  Un  algorlthme  d’ap- 
prentlssage  est  mis  en  place  qul  vient  modifier 
les  coefficients  synaptlques  de  faqon  d  obtenir 
une  rdponse  satisfalsante  (4).  L’algorlthme 
d'apprentlssage  utilise,  est  I’algorithme  de 
retro  propagation  du  gradient. 

7.4  -  Exemgple  d' application. 


A  partlr  de  la  connalssance  des  quatre 
Images  dlectromagnetlques  haute  resolution,  11 
est  possible  de  reconstrulre  la  matrlce  de 
rdtrodlffuslon  spatlale  correspondant  au 
contrlbuteur  que  nous  cherchons  d  caractdrlser. 

La  matrlce  de  rdtrodlffuslon  spatlale 
reconstrulte,  correspondant  au  dtpAle  orientd  d 
45* ,  est  donnde  par: 


tS  .1= 

Dlp4S 


■-l,1267+jl,3248 

-1,0763+j1,9175 


-1.153S«jl,8g03' 

-1,35954,2,2022 


A  psu-tlr  de  cette  matrlce,  11  est  possible 
de  determiner  les  “paraadtres  d’ Euler"  corres- 
pondants  [4).  Ces  paraadtres  prennent  les 
valeurs  sulvantes: 


Les  paraadtres  de  Huynen  bruts  correspondants, 
sont  donnds  par: 


11  est  alors  possible  de  determiner  le  nombre 
optimal  de  neurones  caches  pour  que  ceux-cl 
alent  flnalement  une  senslblllte  volslne.  Dans 
notre  aoddle,  le  nombre  de  neurones  de  la  cou¬ 
che  cachde  est  flxd  d  10. 

L'opdratlon  la  plus  ddllcate,  lors  de  la 
definition  du  rdseau  de  neurones,  conslste  d 
determiner  les  exemples  les  plus  approprlds 
pour  I'apprentlssage. 

Pour  cela,  nous  avons  voulu  falre  ftgurer 
six  types  de  clbles  canonlques,  lldes  chacune  d 
une  caractdrlstlque  partlculidre  de  la  struc¬ 
ture  gdnerale  d’une  clble.  Les  six  clbles 
cholsles  sont  la  plaque,  le  dlddre,  le  dlpOle 
horizontal,  le  dlpOle  vertical,  alnsl  que  les 
deux  helices  gauche  et  droite.  Ces  clbles  sont 
representatives  des  clbles  lindalres,  syadtrl- 
ques.  Isotropes  alnsl  que  non-syadtrlques, 
lllustrant  sott  un  phdnoadne  de  rdtrodlffuslon 
directs  soil  un  phenomdne  de  rdtrodlffuslon 
multiple. 

Les  matrices  de  Mueller  lldes  A  ces  clbles 


SI  nous  appllquons  ces  valeurs  A  I’entrde 
du  processus  de  caractdrlsatlon  nous  obtenons 
les  rdsultats  sulvants: 


Nous  pouvons  constater  que  le  systdas  ne 
peut  pas  caractdrlser  le  dlpOle  orientd  d  45*, 
pulsqu'll  prdsente  des  rdsultats  falsant  appa- 
raltre  la  prdsence  d'un  dlpOle  horizontal, 
d'une  hdllce  gauche,  alnsl  que  d’une  clble  du 
type  dlddre.  L’ application  directs  des  para- 
mdtres  de  Huynen  bruts  ne  pemet  pas  d' obtenir 
des  rdsultats  satlsfaismnts. 

Au  regard,  das  valeurs  prises  par  les 
paraadtres  d’ Euler,  11  sa  ddgage  une  orien¬ 
tation  da  la  clble  autour  do  la  llgne  da  visde 
du  radar  non  nulls  (^=50.4513*),  ce  qui  est 
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conflraA  par  la  forte  valeur  du  pza-aafttre  H 
(»>g.53S4S). 

Dans  ce  cas,  11  s’avdre  Indispensable  d'ef- 
fectuer  une  operation  de  dteorlentation,  afln 
d’61lBiner  1' angle  d’ orientation  de  la  clble. 

Les  paraafttres  de  Huynen  alnsl  obtenus,  sont 
alors  egaux  t: _ _ _ 


AO 

BO 

B 

c 

0 

4,65546 

5,11011 

5,07779 

9,71074 

-0,748 

Les  rdsultats  obtenus  apr^s  1* application 
du  processus  de  caract6rlsatlon  sont  les 
sulvants; 


Sphere  piedre  Dip  H  Dip  V  HeiiceG  IttliceD 


lOO.OX  lOO.OX  lOO.OX  lOO.OX  lOO.OX  lOO.OX 


Nous  constatons  que  le  aodeie  de  reseaux 
neuronaux  als  en  place  a  ete  sature,  cet  etat 
peut  s'expllquer  par  les  valeurs  assez  eievees 
prises  par  les  paraaetres  de  Huynen  par  rapport 
a  celles  utlllsees  lors  de  1' apprentlssage. 

Afln  d'attenuer  les  valeurs  d’ entree,  nous 
appllquons  sur  les  paraaetres  de  Huynen  "deso- 
rlentes*  I'operatlon  de  noraallsatlon  en  dlvi- 
sant  cheque  paraaetre  par  la  valeur  du  SPAN 
correspondent  au  dlpdle  orlente  A  45*. 

Les  paraaetres  de  Huynen  ‘desorlentes*  et 
"norBallses*  sont  egaux  A: 


AO 

BO 

B 

C 

0 

0,23920 

0,26256 

0,26090 

0.43894 

-0,038 

II  seable  qu’un  tel  processus  de  caracte- 
rlsatlon,  utlllsant  les  capacltAs  d’sqiprentls- 
sage  et  de  decision  "equlvalentes*  A  celles  du 
cerveau  huaaln,  devlenne  rapldeaent  un  axe  de 
recherche  trAs  proaetteur. 

Une  etude  plus  appronfondle  de  certains 
nodules  caractArlstlques  devralt  peraettre 
d’ about Ir  A  la  conception  d’un  processus  de 
caracterlsatlon  "Intelligent''  des  plus  perfor- 
nants.  Nous  nous  sonnes  Unites  Jusqu'A  present 
A  n’effectuer  qu'une  staple  etude  de  falsablll- 
te. 


8  -  CONCLUSION. 

Dans  cet  article  nous  avons  Introdult  le 
concept  de  la  POLARIHETRIE  dans  le  doaalne  de 
I'laagerle  electromagnet Ique  haute  resolution 
afln  d'aaei loner  le  pouvolr  de  discrimination 
des  contrlbuteurs  eienentalres  d'une  clble 
radar.  Nous  avons  aontre  qu'll  est  possible  de 
deflnlr  une  aatrlce  de  retrodlffusion  spatiale, 
appartenant  A  I'espaice  clble,  obtenue  A  partlr 
de  la  valeur  des  energies  contenues  dans  les 
pixels  des  quatre  images  eiectromagnetiques. 

L'apport  du  concept  de  la  polarlmetrle 
dans  I'laagerle  eiectronagnetlque  haute  resolu¬ 
tion  se  tradult  par  la  determination  d'une 
Image  unique  d'une  clble,  qul  soit  perforaante 
d^ms  la  discrimination  de  ses  zones  brillantes, 
et  qul  contlenne  toute  1' Inforaation  la  concer- 
nEUit. 

En  paralieie  avec  I'etude  sur  1' Image 
electromagnet ique  haute  resolution  sont  venus 
se  greffer  les  problAmes  classiques  de  la  recon¬ 
naissance  des  clbles,  en  vue  de  cl2issifler  puis 
d'identifer  les  zones  brillantes.  A  partlr  de 
la  theorle  phenomenologlque,  nous  avons  defini 
une  methode  "Intelligente"  de  caracterlsatlon 
de  la  structure  d'une  clble,  basAe  sur  I'utlll- 
sation  des  modAles  de  rAseaux  neuronaux. 


L’ evolution  technologlque  considerable, 
alnsl  que  I'avance  thAorlque  des  etudes  sur  la 
polarlmetrle,  sont  A  I’orlgine  de  cette  expan¬ 
sion  actuelle  des  recherches  sur  les  applica¬ 
tions  potential les  de  ce  concept  dans  le  domai- 
ne  du  radar. 

Les  rAsultats  obtenus  aprAs  1 ' appl Icat Ion 
du  processus  de  caracterlsatlon  sont  les 
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Sphere  DlAdre  Dip  H  Dip  V  HAllceC  HAllceD 


3.87SX  2, 383X196. 19X  0.000X  21, 7SBXp.4890X 


La  clble  a  done  Ate  caracterlsAe  comae  un 
dlpdle  horizontal  A  95X.  II  ne  faut  pas  oubller 
que  I'angle  d’ orientation  de  la  clble  a  Ate  In- 
tegrA  aux  etats  de  polarisation  Anlsslon  recep¬ 
tion,  aussl,  dans  cette  nouvelle  base  le  radar 
perqolt  aalntenant  le  dlpdle  coaae  Atant  allgnA 
Id,  avec  le  vecteur  de  polarisation  parallAle 
unltalre,  d’oA  1’ Identification  A  un  dlpAle 
horizontal.  L'angle  d’ orientation  Atant  p-SO.4’. 

Au  vue  des  rAsultats  obtenus  au  cours  des 
dlffArentea  Atapes  de  la  caractArisation  du 
dipAle  orlentA  A  45*.  11  s'avAre  indispensable 
d’effectuer  les  operations  de  dAsorientation  et 
de  nersallsailon  sur  les  paraaAtres  de  Huynen 
hrats,  afln  da  s’assurer  d'une  identification 
potential le  de  la  clble. 

7.8  -  CoBcliaioa. 

Dans  ce  chapitre,  nous  avons  prAsentA  une 
sAthode  orlglnale  de  reconnaissance  basAe  sur 
rutillsatlon  de  aodAles  de  rAseaux  neuronaux. 
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Laboratoire  SZHF 
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DISCUSSION 


R.  Klemm,  GE 

Did  you  consider  the  effect  of  noise  on  classification? 

Author's  Reply 

Our  measurements  have  been  made  in  the  Anechoic  chamber  of  CELAR  (Centre 
Electronique  de  I'Azmement,  France)  where  we  can  consider  there  is  no  chamber  noise.  In  this 
case  our  classification  method  gives  good  results.  However.there  is  a  polarimetric  theory  based  on 
the  "famous  target  decomposition  theorems"  (Huyren,  Cloude,  Holm,  Barnes...)  which  allows  to 
separate  the  target  from  its  environment  (clutter,  noise,  etc...).  I  have  applied  these  decomposition 
theorems,  but  die  classification  results  were  not  improved  because  we  have  not  noise  and  the 
waves  are  completely  polarized. 
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UTILISATION  DE  LA  POLARISATION  POUR  L'  ANALYSE  PINE  DES 

CIBLES  RADAR 


C.  TITIN-SCHNAIDER 


ONERA 

29  avenue  de  la  Division  Leclerc 
92320  Chatillon  -  FRANCE 


muMB 

La  prise  en  compte  de  la  polarisation  en 
imagerie  holographique  permet  de  restituer  les 
matrices  de  rdtrodiffosion  assocides  k  chaque  pixel . 
La  polarimdtrie  a  dtd  appliqude  au  niveau  de  ces 
matrices  de  rdtrodiffusion  dldmentaires  les 
paramdtres  de  la  fourchette  de  polarisation  ont  6t6 
calculds  . 

Les  rdsultats  des  tests  effectuds  I  partir  de  donndes 
expdrimentales  montrent  que  la  polarimdtrie 
appliqude  au  niveau  des  pixels  de  1'  image  radar 
haute-rdsolution  d'une  cible  peut  permettre 
d'  identifier  la  nature  de  ces  points  brillants  . 


XJLaTFQPUCTLQM 

Depuis  une  dizaine  d'anndes  des  dtudes  sont 
mendes  t  1' ONERA  dans  le  but  d'amdiiorer  la 
discrdtion  des  cibles  radar  .  Dans  cet  objectif  , 
r  ONERA  s'est  dquipd  de  plusieurs  bases  de 
mesures  dlectromagnddques  .  Pour  analyser  ces 
mesures  ,  une  mdthode  d'imagerie  bidimensionnelle 
baptisde  "  holographie  radar  "  (1]  a  dtd  mise  to 
point  .  Elle  permet  d'obtenir  la  carle  des  positions 
et  des  niveaux  de  Surface  Equivalente  Radar  (SER) 
des  dldments  les  plus  brillants  de  la  cible  diudide  . 
La  ndcessitd  d'une  meilleure  comprdhension  des 
phdnomdnes  dlectromagnddques  rdclame  une  analyse 
plus  fine  de  ces  images  . 

L'  efficacitd  de  la  polarimdtrie  poor 
discriminer  et  identifier  les  cibles  radar  esi  bien 
connue  [2]  .  Nos  travaux  s'inscriveni  dans  une 
dvolulion  rdcente  de  la  polarimdtrie  visani  d  rdaliser 
une  analyse  fine  des  cibles  .  Dds  1983  ,  une  analyse 
polarimdtriqne  de  la  rdponse  impulsionnelle  d'une 
cible  a  dtd  tentde  [3]  .  Plus  rdcemment  .  1'  utilisation 
de  la  polarimdtrie  an  niveau  des  pixels  d'  une  image 
radar  a  dtd  proposde  [4]  ,[3]  . 

Le  travail  prdsentd  examine  .  i  partir  de 
mesures  effectudes  en  laboratoire  .  la  possibilttd 
d*  utiliser  la  polarimdtrie  an  niveau  des  pixels  d'  one 
image  radar  haute-rdsolution  ,  dans  le  but  de 
ddterminer  la  nature  des  intdractions 
dlectromagnddques  dldmentaires  . 

L'  holographie  radar  est  rappelde  et  discntde  . 
La  polarisation  est  ensnite  introduite  en  holographie 
radar  .  Divers  jenx  de  parambtres  permettant  one 
identification  en  thdorie  de  la  polarisation  sont 
exarainds  .  Les  parambtres  choisis  sont  calcnlds  I 
partir  de  donndes  expdrimentates  obtenues  sur  des 
cibles  complexes  .  Les  rdsnltatt  sont  prdsentds  . 


U  .  LES  IMAGES  HQLQORAPHIQUES 

L'  holograrame  S(  k  *)  d'  une  cible  contient 
lous  les  signaux  rdtrodi^usds  par  cette  cible  pour 
toutes  les  valeurs  possibles  dn  vectenr  d'onde  : 

T*  .-MZI 

*  “  c  r 


c'est  k  dire  pour  toutes  les  frdquences  dmises  et 
tous  les  aspects  possibles  de  la  cible  par  rapport  au 
radar. 

La  reprdsentation  holographique  3D  [1]  : 

1(T^=  e-  j2k^T^  (1) 

permet  d'obtenir  une  image  radar  de  la  cible  au 
moyen  d'  une  transformde  de  Fourier  3D  . 

Les  moyens  de  mesure  mis  en  place  k 
r  ONERA  ne  permettent  pas  d'  obtenir  1'  hologramme 
complet  d'  unc  cible  :  1'  hologiamme  est  relevd  en 
fonction  de  Tangle  de  gisement  de  la  cible  (  elle 
tourne  autour  d'  un  axe  vertical )  et  pour  k2  =  0  car 
le  ra^on  radar  est  horizontal  .  La  transformde  de 
Fourier  2D  de  la  partie  mesurde  de  T  hologramme  : 

I(x,y)  (S(k^,ky))  «  J  Ifx.y.z)  dz  (2) 
correspond  k  la  projection  complexe  sur  le  plan  z-0 

de  X(x,y,z)  .  La  fonction  I(x,y)  est  coi’ramm-nt 
appellde  "  image  holo^  aphique  " 

Le  modble  des  points  brillants  facilite 

T  interprdtation  de  la  reprdsentation  holographique  . 
Selon  ce  modble  ,  la  cible  est  reprdsentde  par  un 
nombre  fini  de  centres  rdtrodiffusants  inddpendants 
et  ponctuels  . 

Le  signal  rdtrodiffusd  par  N  points  brillants  est ; 

N  _  _ 

S(T^)  -  X  k  xj  ^  (3) 

i»l 

sacbant  que  le  i'*"®  point  brillant  sited  en 

renvoie  un  signal  d'  amplitude  Sj(  k  *)  . 

La  transformde  de  Fourier  dtant  une  opdration 
lindaire  ,  T  image  rdsultante  est  la  somme  complexe 
des  images  assocides  k  chaque  point  brillant ; 

I(  *  I.  (  X  (4) 

avec  ; 

I.  (  X  ■  if  8j  (  k  e  *  dk  ^  (5) 

-  T  ) 

Let  points  brillants  sont  gdndralement  snpposds 
biases  "  et  isotropes  :  le  signal  renvoyd  par 
chaque  point  brillant  est  inddpendant  de  la  frdquence 
d'  analyse  et  de  T  orientation  de  la  cible  . 

Par  consdquent ,  (3)  devient : 

I.  (  X  *  »j  8(  X  ^  -  Xj  (6) 

oh  5(  X  *)  reprdsente  la  distribution  de  Dirac  . 
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L’ image  holographique  $'6crit  done  sous  la  forme  : 
N  _ 

I(  a  Sj  8(  X  ^  -  Xj  (7) 

i»l 

Dans  le  cadre  du  modile  des  points  briltants 
inddpendants  blancs  et  isotropes  ,  la  representation 
"holographique"  permet  de  restituer  les  amplitudes 
et  les  positions  des  points  brillants  . 


Dans  la  pratique  ,  I'hologramme  est  releve 
sur  un  domaine  rdduit  .  L'intdgrale  (5)  n'est  plus 
veritablemeni  une  transformde  de  Fourier  car  elle  est 
calcul6e  sur  le  support  bornd  ((  ICp  k^),!  6^,  e^j)  ■ 

Elle  peut  £tre  mise  sous  la  forme  : 

I.  (T^)  =  T  (  g(T'“)  Sj  (T^)  )  (8) 

I  * 

avee  : 

g(7>)  J  1  poutke  I  kj.kj)  et  ec  (  ej.Oj) 

I  0  partout  ailleurs 

Compte  tenu  des  proprietds  de  la  transformde  de 
Fourier  ; 


I  (x^)  =  r(si(k''))  05'(g(k^)  (9) 

1 

r  image  du  point  brillant  est  dgale  au  produit  de 
convolution  de  la  transformde  de  Fourier  de  sa 

r^ponse  S|(  k  ^)  ,  par  la  transform^e  de  Fourier  du 

support  d’  integration  g(  k  ^) . 

Du  fait  de  la  limitation  du  domaine  d'  integration  , 
les  points  brillants  n'ont  plus  une  representation 
ponctuelle  .  La  tache  correspondant  k  un  point 
brillant  est  decrite  par  la  fonction  ; 

G(  X  =  f  (g(  k  ^)) 

Cette  fonction  s'ecrit  en  coordonnees  polaires  : 
k 

2 

e 

2 

f  -  j2kr  cos(6-w) 

Je  kdkde  (10) 

e 

1 


G(x^) 


1 


si : 


k  ^-  (  k  cosO  ,  k  sinO ) 


et 


— > 

X  : 


(rcosy  .  rsiny) 


Le  comportemeni  de  cette  fonction  peut  eire  estime 
en  remplafant  le  domaine  d' integration  par  un 
rectangle  equivalent  .  On  obtient  ; 


0(7>).aj, T  Ad  ‘ 

Ak  X  (  k  A9  y) 


(11) 


avec  : 

T=(k2  +  kjy2  ,  Ak-kj-kj  .  AO-Oj-Gj  .  e  -0 


m  ■  LES  IMAGES  POLARIMETRIOUES 

Le  choix  de  la  polarisation  de  1'  antenne 
d' emission  et  de  la  polarisation  de  1' antenne  de 
reception  peut  faire  apparattre  ou  disparattre 
certains  points  brillants  sur  une  image  radar  . 

La  theorie  de  la  polarisation  considbre  que  toute 
r  information  concernant  la  cible  est  contenue  dans 
sa  matrice  de  retrodiffusion  Des  antennes 
susceptibles  d'dmettre  et  de  recevoir  deux 
polarisations  orthogonales  et  dont  les  canaux 
d' emission  et  de  reception  sont  etalonnes  de  fa(on 
coherente  permettent  de  mesurer  la  matrice  de 
retrodiffusion  d'une  cible  .  Des  antennes  polarisdes 
rectilignement  fonctionnant  en  polarisation 
horizontale  (H)  ou  en  polarisation  verticale  (V)  sont 
generalement  considdrees  . 

L' installation  permet  de  relever  la  matrice  de 
retrodiffusion  d'  une  cible  pour  toutes  les  frequences 
de  la  bande  emise  et  tous  les  aspects  de  la  cible  en 
rotation  . 


Les  developpements  du  paragraphe  precedent 
se  gendralisent  facilement  . 

Conformement  au  modble  des  points  brillants  (3),  la 
matrice  de  retrodiffusion  mesurde  : 

N  _ _ 


isi-.,- 


(13) 


s' exprime  en  fonction  des  matrices  eiementaires  de 
retrodiffusion  [Sj]  — >  de  chaque  point  brillant . 

L' ensemble  des  matrices  de  retrodiffusion  de  la 
cible  mesurees  en  fonction  de  la  frequence  et  de 
r  incidence  permet  de  constituer  son  hologramme 
matriciel . 

La  representation  holographique  (1)  appliqube  sur 
I'hologramme  matriciel  [S]^— >^permet  de  construire 

r  image  matricielle  de  la  cible  [I]  — >  ; 

(  X  ) 


m 


(  X  )  It^J 


[S]  e 

(k  ) 


-  j2k^.  x^ 


dk 


(14) 


Si  les  points  brillants  sont  supposes  blancs  et 
isotropes  ,  les  matrices  eiementaires  [S|]  sont 
constantes  .  De  fa(on  analogue  k  (7) ,  on  a  : 

N  _  _ 

[i]->  -  y  (»ii5(x="- xj^  (15) 

Le  modile  des  points  brillants  independants 
blancs  et  isotropes  facilite  1' interpretation  de  ces 
images  :  lelon  ce  modble  ,  cette  extension  de 
rimagerie  holographique  permet  de  restituer  les 
positions  et  les  matrices  de  retrodiffusion  de  chaque 
point  brillant . 


Si  les  points  brillants  sont  blancs  et  isotropes,  on  a: 
N 

IfT"*)  -^»i  G(  (12) 

L'  image  resultante  peut  Ctre  considbree  comme  la 
somme  complexe  des  images  correspondant  i 
chaque  point  brillant  .  Du  interferences  sont 
susceptibles  de  se  produire  si  les  points  brillants 
sont  proches  .  La  zone  d' influence  d'un  point 
brillant  depend  fortement  de  son  nivuu  :  an  point 
brillant  fort  muque  let  points  brillants  plus  faiblet 
de  ton  voitinage . 

En  holographte  radar  clatsiqne  .  on  cherche  i 
separer  let  taches  correspondant  aux  points 
brillants  et  i  leur  astocier  nne  SBR  .  La  SER  d'un 
point  brillant  pent  dtre  fautsee  par  let 
contributions  des  points  voitint  . 


Dans  la  pratique  I'integration  (14)  est 
effectude  sur  un  support  limite  .  La  distribution  de 
Dirac  est  remplacde  par  la  fonction  de  ponddration 

G(  X  -  xj  ^) : 

N 

y  [  g.  ]  G(xi^x^)  (16) 

>  ft 

La  mime  matrice  de  retrodiffusion  dldmentaire  est 
par  consequent  associee  k  tons  let  pixels  de  la  tache 
d'un  mtme  point  brillant  .  An  niveau  de  chaque 
pixel  ,  let  matrices  de  retrodiffusion  eiementaires 
[■j]  ponddreet  par  la  fonction  de  ponddration  G 
t'additionnent  (16).  Le  nivuu  des  lobes 
tecondaires  de  la  fonction  G  peut  avoir  nne 
incidence  sur  la  qnalitd  de  la  restitution  des 
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matrices  de  rdtrodiffusion  dldmentaires  .  Diverses 
mdihodes  d' apoditation  dont  let  qualitds  et  let 
limitations  tont  abondamment  discutdes  dans  la 
littdrature  peuvent  dtre  envisagdet  ,  si  ndcdssaire  . 
Let  matrices  de  rdtrodiffusion  des  points  brillants 
forts  et  dloignds  sont  restitudes  .  Pour  dtudier  plus 
prdcisement  un  point  briilant  on  a  toujourt  la 
possibilitd  d'utiliser  des  absorbants  pour  masquer 
les  contributions  gdnantes  . 

L' utilisation  de  la  polarimdtrie  en  imagerie 
holographique  permet  de  gdndrer  les  matrices  de 
rdtrodiffusion  dldmentairet  associdcs  I  cha^ue 
pixel.  L' application  de  la  thdorie  de  la  polarisation 
au  niveau  des  pixels  correspondent  aux  taches  des 
points  brillants  est  done  envisageable  . 

IV  ■  LA  THEORIE  DE  LA  POLARISATION 

IV.  1.  Les  cinq  naramdtres  inddnendants  : 

La  thdorie  de  la  polarisation  a  fait  I'objet  de 
multiples  publications  depuis  de  nombreuses 
anndes.  Elle  a  dtd  formulde  de  fa(on  cohdrente  par 
Huynen  [2]  . 

Les  mesures  en  chambre  andchoiques  sont 
ddterministes  .  Les  ondes  considdrdes  sont  par 
consdquent  compldtement  polarisdes  .  Les  dtats  de 
polarisation  possibles  sont  reprdsentds  par  des 
points  situds  sur  la  surface  de  la  Sphdre  de 
Poincard. 

Dans  ces  conditions  de  mesure  ,  la  validitd  du 
Principe  de  Rdciprocitd  est  gdndralement  admise  . 
Les  matrices  de  rdtrodiffusion  considdrdes  sont 
done  supposdes  symdtriques  et  ddpendent  de  cinq 
paramdtres  inddpendants  . 

Plusieurs  jeux  de  paramdtres  ont  dtd  proposds  : 

IV.  2.  Les  polarisations  caraetdriatiauea-: 

Les  polarisations  caraetdristiques  d'une  cible 
conespondent  aux  polarisations  de  I'onde  incidente 
pour  tesquelles  la  cible  rdtrodiffuse  un  maximum 
(MAX)  ou  un  minimum  (MIN)  d'dnergie  sur  la 
mdme  polarisation  (COPOL)  ou  sur  la  polarisation 
orthogonale  (XPOL)  . 

Pour  une  matrice  de  rdtrodiffusion 
symdtrique  ,  les  points  reprdsentatifs  sur  la  Spbdre 
de  Poincard  des  polarisations  caraetdristiques 
(figure  1)  sont  rdpartis  sur  le  mdme  grand  cercle  . 


*1 


ftgwrt  1  ■■  Ittprtitntt^on  d»  to  tourcIWtto  <to  potorisation  swf 
to  spMrt  dt  ^aincaid. 


Les  points  Xj  et  X2  reprdsentent  les  zdros  croisds 
ou  XPOL  NULS  (  X]  correspond  aussi  an 
maximum  copolaire  ou  COPOL  MAX  )  .  Les  points 
C]  et  C2  correspondent  aux  zdros  copolaires  ou 

COPOL  NULS  .  Les  points  Sj  et  $2  figurent  les 

maxima  croisds  ou  COPOL  MAX  .  En  reliant  ces 

points  au  centre  de  la  Sphdre  de  Poincard  ,  on 

obtient  un  motif  en  forme  de  fourchette  qui  est 

gdndralement  appeld  "  fourchette  de  polarisation  ”  . 
La  fourchette  de  polarisation  est  compldtement 
ddterminde  par  la  connaissance  de  deux 

polarisations  caraetdristiques  particulidres  : 

-  le  zdro  de  polarisation  croisde  correspondant  au 
point  Xj 

-  le  zdro  copolaire  correspondant  au  point  C| 

Les  coordonndes  sphdriques  des  points  X|  et  Cj 
fournissent  un  jeu  de  cinq  paramdtres 

caraetdristiques  : 

By  .  Ty  .6-  ,  et  le  rayon  de  la  sphdre  . 

1  1  1  1 

Le  domaine  de  validitd  de  ces  paramdtres  est : 

0  <  p  <  «« 

-it/2  <  0y  <  jt/2 

-k/2  <  e_  <  jt/2 

-x/4  <  tp  <  it/4 
'■1 

IV.  3.  les  naramdtres  de  la  fourchette  de 
polarisation: 


Huynen  a  montrd  que  la  matrice 
rdtrodiffusion  S  pent  dtre  mise  sous  la  forme  ; 
j,^-i>|»a3e-iX„0jeiV0,  e‘^le-‘^«.®2e‘'t«3 


de 

(18) 


avee  : 


»d 


-( 


1  0  >1 
0  tg^yJ 


(19) 


en  fonction  des  matrices  de  Pauli 


(20) 

«  ®3-(?  0) 

Les  cinq  paramdtres  4  ,  y  ,  Tq,  ,  y  et  v  mis 
en  dvidence  par  (18)  et  (19)  permettent  aussi  de 
ddfinir  la  fourchette  de  polarisation  : 

-  Tangle  2y  reprdsente  la  demi-ouverture  de  la 
fourchette  , 

-  les  trois  angles  d'  Euler  2y  ,  2Tg, ,  2v  permettent 
de  positionner  la  fourchette  dans  Teipace  , 

-  le  paramdtre  4  correspond  au  rayon  de  la  sphdre  . 


Ces  paramdtres  sont  relids  I  certaines  propridtds  des 
cibles  : 


-  Tangle  y  :  donne  T orientation  de  la  cible 
reladvement  d  la  polarisation  dite  horizontale  ,  dans 
le  plan  perpendiculaire  au  rayon  radar  , 

-  Tantle  y  :  mesure  la  capaciid  de  la  cible  I 
polariser  le  signal  rdtrodiffnsd  sur  une  polarisation 
particnlidre  inddpendante  de  la  polansation  do 
signal  incident  (si  y  >  0  ,  la  cible  est  polarisante  ; 
si  y  n/4  ,  U  cible  n'  est  pas  polarisante ) , 


-  T  anale  v  ;  mesure  la  paritd  du  nombre  de 
rdflections  (si  v  «  0  ,  le  nombre  de  rdflections  est 
pair  ;  si  V  «  k/4  ,  il  est  impair  )  , 
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-  r  angle  :  indique  si  la  cible  possbde  un 

plan  ou  un  axe  de  symdtrie  contenant  1'  axe  de  visde 
du  radar  (  si  Tg,  «  0  la  cible  est  symdtrique  :  si  = 
x/4  ,  la  cible  n'  est  pas  symdtrique)  , 

-  le  paramfetre  u  :  donne  1'  amplitude  maximale  de 
r  onde  rdtrodiffusde  par  la  cible  . 

Les  domaines  de  validity  de  ces  parambtres  sont : 

-x/2  <  <  ic/2 

-XtA  <  'lm<  x/4 

-*/4  <  V  <  x/4  (21) 

0  <  y  <  k/4 
0  <  p  <  ®o 

IV.  4  ■  Les  oarambtres  de  la  matrice  de  Mubller: 


faire  appel  b  un  algorithme  .  L' analyse  de  ces 
parambtres  semble  est  mal  adaptb  4  une  bupe  de 
validation  .. 

On  verra  (VI)  que  la  matrice  de  Mubller  (22)  b  (23) 
permet  d'  estimer  simplement  la  precision  avec 
laquelle  les  angles  de  la  fourchette  de  polarisation 
peuvent  fitre  restitubs  . 

IV. 5.  Parambtres  choisis  : 

Pour  btudier  la  possibilitb  d'utiliser  la 
polarimbtrie  au  niveau  des  matrices  de 
rbtrodiffusion  blbmentaires  associbes  aux  pixels  des 
images  holographiques  ,  nous  avons  choisi  de 
calculer  les  deux  jeux  de  parambtres  : 


ces  parambtres  sont  dbduits  des  polarisations 
caractbristiques  XPOL  NULS  et  COPOL  NULS 
calculbs  b  partir  des  matrices  de  rbtrodiffusion 
blbmentaires  . 


La  matrice  de  Mubller  permet  de  reprbsenter  la 
cible  en  termes  quadratiques  .  Huynen  [2]  a 
proposb  de  1'  bcrire  sous  la  forme  ; 


My 


/  Aq+Bq  1*  S  ”v  ^ 
Ao+B 

^ 


(22) 


Les  termes  de  cette  matrice  s'expriment  en  fonction 
des  cinq  parambtres  de  la  fourchette  de  polarisation 
,  au  moyen  des  relations  : 


2  -  V  .  Xg, .  y  ,  V  .  p 

ces  parambtres  sont  calculbs  b  partir  des  matrices 
de  Mubller  blbmentaires  ;  ils  sont  extraits  des 
relations  (23)  b  (23)  . 

Les  parambtres  significatifs  en  polarimbtrie  sont 
des  angles  dbfinis  sur  des  domaines  Umitbs  ,  ce  qui 
facilite  une  interprbtation  directe  des  rbsultats  .  Ces 
deux  jeux  dbcrivent  la  fourchette  de  polarisation  de 
fafon  bquivalente  .  Ils  sont  calculbs  par  des 
mbthodes  diffbrentes  ce  qui  permet  de  contrdler  la 
cohbrence  des  rbsultats  . 

V  -  RESULTATS  DES  TESTS  : 


H^  =  Csin2v  +  Hcos2v 
C:^°Ccos2y-Hsin2y 

V  G  cos  2y  -  D  sin  2y  (23) 

D^«Gsin2y+  Dcos2y 
Ey>Ecos4y4-  Bsin4y 
By=-Esin4v4-  Bcosby 


Ao-Qfcos^x^ 

Bg=  Q(  1  cos^-  f  cos^Xjg ) 

B  =Q(  1  4co8^2y-f(  1  +'Sin^Xg,)) 

C  K  2Q  cos  2y  cos  2x^ 

D  =  Q  sin^  sin  4v  cos  2Xg| 

E  =  -  Q  sin^  sin  4v  sin  2X|g 

F»2Qcos2y  *in2Tg, 

G  >  Q  f  sin  4t_ 

10 

H  -  0 

avec  : 


8  cos^y 


f-l  -sm^  sin^ 


(24) 


(23) 


La  matrice  de  Mubller  dbMUd  de  neuf  parambtres 
Ag.Bg.B.F.C.H.Q.D.E  .  Ces  parambtres  ne  sont 

pas  indbpeadants  car  its  font  libs  par  quatre 
relations  .  Hnynen  a  montrb  qne  ces  parambtres 
permcnent  de  dbcrire  certaiaes  propribtbs  de  la  cible 
.  Une  analyse  des  valears  prises  par  ces  parambtres 
Pj  a  btb  mntbe  an  nivean  des  rbponses 
impulskMuetles  . 

Les  valears  de  ces  neuf  parambtres  ne  sont  pas 
dbfinies  sar  des  supports  bombs  Une 
classification  ^asbe  sur  ce  jen  de  parambtres  doit 


A  partir  de  donnbes  expbrimentales  ,  les 
images  holographiques  de  diverses  cibles  ont  btb 
calculbes  pour  les  quatre  couples  de  polarisation 
bmises  et  revues  HH  ,  HV,  VH  et  W.  Une  analyse 
polarimbtrique  pixel  par  pixel  de  ces  images  n'est 
possible  que  si  les  matrices  de  rbtrodiffusion 
blbmentaires  associbes  b  chaque  pixel  sont 
reconstitubes  avec  une  prbcision  suffisante  .  Pour 
chaque  pixel  appartenant  aux  taches  figurant  les 
points  brillants  ,  les  jeux  de  parambtres  significatifs 

<  ®X,  •■'X,  '®C,  .^C,  )  *‘  (  V  -^.y  .V  )  ont  btb  calculbs 


Les  coefficients  de  rbtrodiffusion  HH  ,  HV  , 
VH  et  VV  des  cibles  ont  btb  relevbs  sur  la  bande  de 
frbquence  8.2  GHz  b  12.4  GHz  avec  un  pas  de  100 
MHz  et  pour  une  plage  d' incidence  de  23  degrbs 
avec  un  pas  de  0. 9  degrbs  . 

Diverses  cibles  ont  btb  considbrbes  . 


Visa*  radar 


Figurei :  INsPosibon  das  deux  iMdres. 
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A  litre  d' illustration  ,  les  rdsultats  conccrnant 
une  cible  composde  de  deux  diidres  dont  les 
orientations  sent  diffdrentes  (figure  2)  sont 
pr^sentds  :  un  diidre  est  vertical  et  1' autre  diidre  est 
inclind  de  45  degrds  .  Les  images  holographiques 
HH  ,  HV  ,  VH  et  VV  de  cette  cible  sont  reprisentdes 
sur  la  figure  3  :  le  diddre  vertical  apparalt  sur  les 
images  copolaires  «  par  contre  le  diddre  inclind  ne 
brille  que  pour  les  images  en  polarisation  croisdes  . 

Les  paramdtres  caractdristiques(  .  0Cj  •  ''Cj  ) 

et  (  y  ,  tm  .  y  .  V  )  ont  dtd  calculds  pour  tous  les 
pixels  correspondant  k  une  dnergie  rdtrodiffusde 

ISyyl^suffisante. 

Les  histogrammes  consuuits  k  partir  des  valeurs  des 
paramdtres  car«'tdristiques  pour  chaque  point 
brillant  son-  .  ,  i  .entds  sur  les  figures  4  et  3  . 

On  consta'e  . 

-  ui>  bon  accord  avec  les  valeurs  thdonques  , 
les  valeurs  de  ces  paramdtres  dvoluent  peu 
sur  la  tache  d'  un  point  brillant  ( III )  , 

les  rdsultats  concernant  les  paramdtres 
ddduits  des  polarisations  caraetdristiques  sont 
parfaitement  cohdrents  avec  ceux  qui  sont  relatifs 
aux  paramdtres  de  la  fourchette  de  polarisation  . 

Cette  mdthode  a  aussi  dtd  appliqude  d  des 
cibles  rddlles  .  Pour  un  petit  missile  ,  la  rdpartition 
de  lyl  a  dtd  reprdsentde  en  niveaux  de  gris  (figure  6) 
:  le  nez  se  comporte  comme  une  sphdre  (  lyl  est 
inddtermind  )  ,  on  retrouve  les  ailes  horizontales 
(  lyl  voisin  de  0  degrds)  ,  la  ddrive  verticale  (lyl 
voisin  de  90  degrds)  et  les  ddrives  latdrales 
Idgdrement  relevdes  (  lyl  voisin  de  20  degrds)  .... 


VI  ANALYSE  DES  RESULTATS-I 

Les  dcarts  sur  la  restitution  des  angles 
de  la  fourcheite  de  polarisation  peuvent  dtre 
facilement  estimds  en  fonction  des  termes  de  la 
matrice  de  Mudller  ((22)  k  (25))  .  Les  termes  de  la 
matrice  de  Mudller  sont  des  quantitds  rdelles  qui 
sont  relids  aux  termes  complexes  de  la  matrice  de 
rdtrodiffusion  par  des  expressions  quadratiques  . 


-  r  angle  y  est  ddduit  de  : 


(26) 

r  dcart  sur  y  est  alors  : 

(27) 

-  1'  angle  t_  est  ddduit  de  : 

E  F 
*8  "^m  “  '  D  “  C 

(28) 

r  dcart  sur  est  alors  ; 

**"^''m/AE  ADx  .  l^AE  ATK 
^■'m  ==  4  MB  ■'■la-'*''  ‘^IH-' 

(29) 

-  r  angle  y  est  ddduit  de 

^>■*■^0  1-hcos^2y 
■  2cos2Y 

(30) 

r dcart  sur  y  est  alors  : 

2^1 

(31) 

Figur*  3 :  qustn  images  hologrtphigut  das  deux  dMdrts. 


I 
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(valeurs  thtoriques  inditerminto)  (valeurs  theoriques  ind6termln^) 


figurt  4  .  Hntogrammts  des  paramitres  de  polarisations 


Figure  5  ;  Histogrammes  des  paramitres  de  la  fourchette  de 


caracttristiques  0,^  Sc,  et  calcults  sur  les  laches  des 
points  brillants  corresponaant  aux  deux  ditdres. 


polarisation  ip,  y  et  v,  calcults  sur  les  laches  des  points 
brillants  correspondant  aux  deux  ditdres. 


I 
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Figure  6  :  MperlHion  de  I  vj  en  niveau  de  gris  sur  un  petit 
missile.  0  <l<iil<90degris. 


Si  Y  est  petit  ;  alors  p  est  voisin  de  1  et  Ay  croit 
tris  rapidement 

Si  Y  tend  vers  ji/4  ,  alors  p  tend  vers  oo  et  Ay  tend 


vers  Ap  qui  vaut  ; 

AAq+ABo  (C  AC  +F  AF))  (32) 


Pour  un  diidre  ,  Y  est  voisin  de  k/4  ,  il  est 
restitud  avec  une  excellente  precision  . 

Un  fil  fin  horizontal  peut  dtre  moddlisd  par  un 
cylindre  de  trds  faible  diamitre  dont  la  matrice  de 
rdtrodiffusion  satisfait  les  conditions  ; 

Shh  >  Svv  »  ^hv  Svh 


Alors  : 


si 


1  Svv^vv* 
*  'ShhShh* 


(33) 


On  obtient  :  y  <  10  degrds  ,  si  :  I  S^^l  <  0.03  I  Sj,|,  . 

A  10  GHz  ,  le  diamdtre  de  ce  fil  doit  dtre  infdrieur  i 
0.8  mm  d'apris  [9  ,  pi 23]  . 

Cet  exemple  montre  que  1'  interpretation  des  valeurs 
des  paramdtres  caraetdristiques  n'est  pas  foredment 
immediate  .  Elle  ndcdssite  une  bonne  connaissance 
des  interactions  dlectromagndtiques  dldmentaires  et 
de  leur  moddlisation  . 

Compte  tenu  de  ces  rdserves  ,  la  pleine 
exploitation  des  paramdtres  de  la  fourchette  de 
polarisation  pour  identifier  la  nature  des  points 
brillants  d'une  cible  radar  ,  peut  dtre  envisagde 
dans  les  conditions  de  mesures  d'une  chambre 
andchoTque  dotde  d'une  procedure  d'dtalonnage 
polarimdtrique  performante  . 


Yil^CQNCLUSIQN: 

L' introduction  de  la  polarisation  en 
holographie  radar  fournit  des  images  baute- 
rdsolution  asso(iant  k  chaque  pixel  une  matrice  2x2 
complexe  .  Le  moddle  des  points  brillants  montre 
que  ces  matrices  sont  assimilables  aux  matrices  de 
rdtrodiffusion  assocides  aux  interactions 
dlectromagndtiques  qui  sidgent  au  niveau  des  pixels. 
La  polarimdtrie  a  dtd  appliqude  au  niveau  de  ces 
matrices  de  rdtrodiffusion  dldmentaires  ;  deux  jeux 
de  paramdtres  caraetdrisant  la  fourchette  de 
polarisation  ont  dtd  calculds  pour  tous  les  pixels 
correspondant  d  une  dnergie  rddmise  suffisante  . 

Les  rdsultats  obtenus  d  partir  de  mesures 
expdrimentales  concernant  diverses  cibles  , 
confirment  que  polarimdtrie  appliqude  au  niveau 
des  pixels  d'  une  image  radar  haute-rdsolution  ,  peut 
permettre  de  ddterminer  la  nature  des  points 
brillants  . 
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Abstract 

Two  equivalent  approaches  for  the  description  of  mean 
polarimetric  backscattering  features  of  random  radar  tar¬ 
gets  exist,  the  so-called  IVfucller  matrix  and  the  covariance 
matrix  approach. 

The  covariance  matrix  contains  measurable  radar  observa¬ 
bles  and  's  directly  related  to  the  statistics  of  the  elements 
of  the  scacrering  matrix  which  determines  the  instantaneous 
backscattering  features  of  a  target. 

In  this  paper,  a  covariance  matrix  analysis  for  reciprocal 
random  targets  is  performed  by  unitary  similarity  trans¬ 
formations  preserving  important  polarimetric  invariances. 
The  derivatives  of  covariance  matrix  elements  with  respect 
to  the  transmitter  polarization  reveal  interesting  functional 
relations  between  characteristic  polarization  states  and 
covariance  matrix  elements.  Analytical  and  numerical 
algorithms  to  determine  optimal  polarizations  for  cross-  and 
copolar  power  are  presented.  Ttw  connection  of  the  covari¬ 
ance  matrix  approach  with  the  Mueller  matrix  formulation 
is  shown  in  detail. 

Polarimetric  covariance  matrix  analysis  is  illu.strated  by 
polarimetric  radar  measurements  of  terrain,  rain  and  man¬ 
made  clutter  and  documented  with  according  graphical 
evaluation. 

Polarimetric  Covariance  Matrix 

Polarimetric  backscatter  target  characteristics  in  the 
coherent  case  can  be  fully  represented  by  the  complex  2x2 
Sinclair  scattering  matrix  S.  In  the  case  of  incoherent  or 
partially  coherent  backscattering  phenomena,  however,  a 
complete  characterization  of  target  backscattering  charac¬ 
teristics  is  given  by  the  4x4  real  Mueller  matrix  M,  see 

[1][2][3] 

Alternatively,  a  very  promising  approach  to  partially 
coherent  radar  polarimetry  is  the  polarimetric  covariance 
matrix  concept  [4][S][6]  .  The  polarimetric  covariance 
matrix  directly  contains  measurable  radar  observables 
such  as  scattered  power  in  orthogonally  polarized  radar 
channels  and  cross  correlations  between  the  two  channels. 

For  backscattering  from  reciprocal  targets  the  scattering 
matrix  S  will  be  symmetric  S  =  if  a  common  orthogo¬ 
nal  polarizjition  basis  is  used  (backscatter  alignment  con¬ 
vention).  It  is  convenient  to  introduce  a  target  feature  vec¬ 
tor  in  Ae  arbitrary  orthonormal  (A.B)  basis  of  the  form 

[5] 


0(AB)  =  [S^A  V2  Sab  Sbb/  (') 


The  polarimetric  covariance  matrix  corresponding  to  this 
feature  vector  is  defined  as 


E(An):  =  <n(An)  n(AB)*> 


1  >  V^<SaaSab)  ^^'aa^bb^ 

7^ <Sab  S^a)  2<  I  Sab  I  '>  <Sab  Sbb> 

<^'‘*BbSaA>  V^<^bb®ab>  <I^BbI  > 


2) 


In  cq.  (2)  *  denotes  the  Ilermitian  adjoint  and  angular 
brackets  indicate  temporal  (spatial)  ensemble  averaging 
assuming  stationarity  (homogeneity)  of  the  random  scat¬ 
tering  medium. 

£(AB)  is  a  semi-definite  Ilermitian  matrix  that  contains 
alt  second  order  moments  of  the  target  scattering  coeffi- 
ctenLs.  For  a  deterministic  target,  spatial  or  temporal 
ensemble  averaging  as  indicated  by  angular  brackets  <  .  > 
becomes  obsolete  i:(AB)  has  rank  1  in  this  particular  case. 

The  transition  from  a  particular  reference  basis,  e.g.  the 
(II.V)  basis,  to  a  general  {A,B}  basis  is  provided  by  the 
unitary  ^  congruence  [8]  [9]. 


S(AB)  =  IJ'''S(HV)IJ  (3) 

where  (J  is  an  element  of  SU2  (unitary  unimodular  group 
of  dimension  2).  I  lere  use  is  made  of  the  restricted  form 
[5H6][7][9][13] 


IJ  =  Vin)  =  ..3 — - 

+  PP 


I 

P 


{eA.ee}  (4) 


Ihe  columns  of  IJ  are  the  new  orthonormal  polarization 
vectors  e^  and  Cg  expressed  in  the  old  {H,V}  basis,  p  is  the 
so-called  complex  polarization  ratio  which  completely 
determines  the  geometric  parameters  <p  (orientation  angle) 
and  T  (eiliptirity)  of  Ihe  polarization  ellipse  according  to 


cos(2t)  sin(2qr)  -h  j  sin(2T) 
1  -I-  co8(2t)  cos(2q)) 


and  conversely 


(5) 


27-2 


V 


2 


■  2Re{p)  ■ 

1  - r 

.  1  -  PP  . 


T  mod(jr) 


(6) 


T 


1 

2 


2Im{/}} 
1  +  pp 


(7) 


For  p  =  0  {<p  =  0,  T  =  0)  follows  U(0)  =  I  =  [bh  ,  Cy]- 
The  feature  vector  now  transforms  in  accordance  with 


Once  the  covariance  matrix  has  been  measured  in  one 
basis,  c.g.  in  the  {FI,V}  basis,  it  can  easily  be  determined 
analytically  for  any  other  basis.  Explicit  expressions  for  the 
elements  of  £(p)  in  the  form  of  polynomials  in  p  and  p* 
have  been  given  in  reference  [S]. 

Plotting  the  mean  power  return  and  signal  correlations  as 
functions  of  the  complex  polarization  ratio  p  or  of  the 
geometrical  polarization  parameters  t  and  {p  (cf.  eqs.  (6) 
and  (7))  yields  the  familiar  polarimetric  signatures.  Some 
typical  examples  for  dilTerent  random  targets  are  shown 
below. 


Q(AB)  =  T(p)n(IIV) 
with  the  unitary  unimodular  3x3  matrix 


T(p)  =  ■ 


1 


(I  +  PP  ) 


and 


T(p)T+(p)  =  I 
det  I  (p)  =  1 


Similar  signatures  can  be  obtained  for 
•  degree  of  coherence 


1  yJT  p  p^ 

-sJT p  (1  -  pp  )  yjl  p 

P^  -^P  1 


(9) 

(10) 

(H) 


Pab(p)  ^ 


degree  of  polarization 


|Rx(p)l 


Vl^o(p)Px(p) 


(IS) 


PAn(p)  = - 1 - (16) 

P^(p)  +  P,(p) 

as  function  of  p  [1][5].  Note  that 

P  —  Pab(p)  —  Pab(p)  —  (  (*7) 


It  should  be  noted  that  the  norm  of  is  a  target  invariant 
with  respect  to  the  transformation  of  eq.  (8) 

||fl|p  =  span  S  =  trace  S'S  =  invariant  (12) 

In  order  to  guarantee  the  unitarity  of  T^)  and  the  trans¬ 
formation  invariance  of  ||n||  a  factor  y2  was  introduced 
in  the  definition  of  the  second  component  of  Q  .  Note 
T(0)  =  I.  Since  p  is  the  only  variable  we  denote 
t(AB)  s  £(p)  and  £(IIV)  =  E(0)  =  correspondingly  for 

n. 

The  general  polarimetric  covariance  matrix  now  reads 

E  =  E(p)  =  <n(p)n'(p)> 

=  T(p)<noni>T^p)  (13) 

=  T(p)EoT+(p) 

and  is  obtained  from  Ey  by  means  of  an  unitary  similarity 
transformation. 


Since  for  deterministic  targets  =  p^^g  =  I ,  values  of 
Pab>  Pab  IhBn  one  emphasize  the  depolarizing  prop¬ 
erties  of  random  (fluctuating)  targets. 

The  polarization  state  described  by  —  1/p’  is  orthogonal 
to  a  polarization  state  characterized  by  the  complex 
polarization  ratio  p.  It  can  he  shown  that 


P 


2 

P"  (p)  Rx(p)  At  Rco(p)* 

p  P 

(18) 

-  VF  R,"(p)’  2  p,(p)  y/2  R^{p) 

P 

•2  • 

Rco(p)*  --^V^R^(p)  P™(p) 

p 


Writing  the  covariance  matrix  E  in  the  form 


This  leads  to  the  following  interchannel  relations 


Up) 


P^(p) 
VF  R^(p)‘ 
Rco(P)‘ 


VF  R^(p)  R„(p) 

2  p,(p)  yfi  R,«(p)* 
VF  r“(p)  p^(p) 


(14) 


its  main  diagonal  directlv  contains  mean  backscaltered 
copolar  powers  P^(p),  P%(p)  and  mean  crosspolar  power 
PTp)  as  a  function  of  the  complex  polarization  ratio  p. 
R,  (p)  and  R?(p)  will  denote  the  correlation  of  backscat- 
tered  orthogonal  wave  components  if  polarization  A  or  B 
is  transmitted.  Finally,  Ra,(p)  signifies  the  correlation  of 
the  copolar  scattering  coeflicients  S^^  and  Sgg. 


P™(--V)  =  Pco(p) 

p 

|R^--r)l  =  |Rx(p)l 

p 

and  symmetry  relations 

Px(--V)  =  Px(p) 

p 


(19) 

(20) 


(21) 
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|Rco(--v)l  =  |Rco<P)l-  (22) 

P 

The  polarimetric  covariance  matrix  £  of  a  reciprocal  target 
contains  in  general  nine  independent  parameters,  namely 
three  real  power  values  and  three  complex  cross-correla¬ 
tions.  Since  £  is  Uermitian  and  positive  semi-definite  the 
eigenvalues  of  £  are  real  and  non -negative: 
0  <  /li  <  /Ij  <  23.  Whenever  necessary  the  eigenvalues  of  a 
general  matrix  IVI  will  be  denoted  by  >l|(IVf)  (i  =  1,2,...). 

The  field  of  values  of  a  general  matrix  A  e  C"'"  is  defined 
as  the  set  F(A)  of  complex  numbers  [18] 

F(A)  =  {(Ax,  x)|x\=  1}  .  (23) 


For  a  Uermitian  matrix  like  the  covariance  matrix  £  it  can 
be  shown  that 

F(E)  =  F(£o)  =  [2,,  .I3]  (24) 

where  [/I,,  ^3]  denotes  the  segment  from  2,  to  A3  on  the 
real  axis. 

Setting  X  =  Cl  =  [I,  0,  0]^  and  similaily  x  —  63  and 
X  =  63  the  following  bounds  become  immediately  evident 
from  eq.  (14): 

0  <  A,  <  2P,(p),  P®»  <  Aj  <  imoH^  (25) 

In  general,  minimal  and  maximal  eigenvalues  A|,  A3  of  £ 
cannot  be  realized  by  P5,(p),  2P,(p),  P®(f>).  however, 
since  the  transformation  matrix  T(p)  of  eq.  (9)  represents 
a  restricted  subset  of  all  3x3  unitary  unimodular  matrices. 
In  other  words:  notwithstanding  the  fact  that  it  is  always 
possible  to  diagonalize  the  Uermitian  matrix  £  by  means 
of  an  unitary  similarity  transformation,  it  may  not  be  pos¬ 
sible  to  do  so  with  the  restricted  subset  given  by  eq.  (9). 
Hence 

0  <  A,  <  min^pA(p)  S  P^o 

A  ■)  (26) 

<  max^l^»  <  Aj  <  imoll^ 
and  similarly  for  Pj,  and  P,. 

I'he  target  invariant  eigenvalues  of  the  covariance  matrix 
A,  0-1  >2,3)  comprise  interesting  information  on  random 
target  polarimetric  backscattering  features. 

■  The  smallest  eigenvalue  A|  indicates  the  degree  of 
randomness  of  the  target.  For  a  deterministic  target 
£(,  —  QoQo  ’■nd  invoking  the  spectral  theorem  of 
matrix  algebra  [18]  une  obtains  immediately 
A,  =  A3  =  0  and  A3  =  ||Qo||^  In  this  case,  so-callcd 
null -polarizations  exist,  as  detailed  for  instance  by 
Agrawal  et  at.  [13],  producing  vanishing  power 
returns  for  the  copolar  or  crosspolar  radar  channel. 
Random  targets,  on  the  other  hand,  have  a  non¬ 
vanishing  minimum  eigenvalue  A|  (rank(£)-3)  and, 
therefore,  only  minimisation  rather  than  complete 
suppression  of  mean  backscattered  power  can  be 
achieved  by  appropriate  choice  of  the  transmitter 
polarization.  Note  the  substantial  diflerences  for  rain 
(nearly  deterministic)  and  chaff  (truely  random)  as 
shown  in  Figure  3  and  Figure  5. 

•  The  eigenvalue  difference 


—  ^max  —  A3  A|  (27) 

of  extremal  eigenvalues  A3,  A|  of  the  covariance 
matrix  determines  the  range  in  which  the  mean 
power  return  Pn(p)  tind  2P,(p)  can  be  varied  by 
polarimetric  means.  The  actual  difference  may  be 
even  smaller  as  outlined  in  connection  with  eq.  (26). 
A  similar  indicator  called  coefficient  of  variation 
(ratio  of  minimum  to  maximum  received  power)  has 
been  introduced  by  van  Zyl  [3]. 

From  (13)  follows  that 

trace  £  =  trace  Eq  =  trace  =  <trace  QQ'*') 

=  <||0||^>  =  <span  S>  ^28) 

=  +  2<iSf|yl^)  +  <|Syvl^> 

=  A,(£)  -I-  Aj(£)  -f-  A3(£) 

is  a  polariz.ation  invariant  quantity  giving  the  total 
backscattered  power  in  the  four  polarization  confi¬ 
gurations  of  a  particular  orthogonal  basis. 


Characteristic  Polarizations 
Functional  Relations 


Characteristic  polarizations  comprise  the  location  of 
polarization  slates  for  local  and  global  maxima  and  mini¬ 
ma  (optimal  polarizations)  and  for  saddle  points  in  the 
polarization  stale  space  of  power  and  correlation  signa¬ 
tures. 

Following  a  procedure  developed  by  Tragi  el  al.  [12],  cf. 
also  [5],  these  extrema  can  be  found  by  taking  the  deri¬ 
vative  of  the  covariance  matrix  £  with  respect  to  p'  and 
equating  it  to  zero. 

From  eq.  (13)  follows 


')T(p)  , 

— ^£„T(p)'  -l-T(p)£<, 
dp 


Differentiation  of  eq.  (10)  yields 


dJ(p)  .  dT(p)^ 

— ^  T(p)^-t-T(p)  — ^  =  ( 

dp  dp 


and,  hence,  expressing  Eg  in  eq.  (29)  by  £(p) 


=  Tp(p)  £(p)  -  £(p)  Td(p)  (31 ) 

dp 

with 


<?T(P) 

— T(p) 


— ^  -VT  0 

•  +PP 

0  -yJY 


F.xplicilly,  the  derivatives  of  copolar  and  crosspolar  pow¬ 
ers  can  be  expressed  as  follows 
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(he  crosspolar  power  term  P,(p)  can  be  expressed  from 
eqs.  (13)  and  (14)  as 


Sp  (1-bpp) 


^  —  R^(P)  =  0  (33) 


dP»  1 


dp  (1  +  pp  ) 


-  (r"(p)*-R*(p))  =  0  (34) 


ap®(p) 


dp  (1  pp  ) 


^  —  Rx(p)’  =  0  (35) 


Px(p)  =  y  i2(p)^Eo*2(p)  (-»«) 

Rather  than  optimizing  this  Hermitian  quadratic  form  with 
a  complex  vector  Z]  that  is  constrained  due  to  the  special 
form  of  eq.  p9)  it  is  possible  to  introduce  an  unconstrained 
real  vector  v(p)  of  the  form 


A 

V 


(p)  =  [  •  -  PP  2  Rep  2  Imp  ]  /(I  +  |pp) 


(41) 


From  eqs.  (IS)  and  (33)  it  can  be  seen  that  copolar  power 
optimal  characteristic  polarizations  correspond  to  a  van¬ 
ishing  degree  of  coherence  In  other  words,  if  a  copo¬ 
lar  power  characteristic  polarization  state  is  transmitted 
then  the  hackscattered  orthogonal  wave  components  are 
mutually  incoherent  In  this  case  the  degree  of  polarization 
assumes  the  simple  form  [1] 


by  the  p -independent  linear  transformation 

?(p)  =  Q  J2(p)  (42) 

with  the  unitary  matrix 


Pad  - 


11^0 -Pxl 

P^  +  Px 


(36) 


Derivatives  of  the  various  correlation  functions  can  be 
determined  similarly.  For  instance,  the  derivative  of  the 
absolute  value  of  the  copolar  correlation  function  can  be 
expressed  as 


^|Rco(p)l  ^  Rco(P)  (37) 

dp  lRco(P)l  \  J 


Q 


0  0 
-10  1 
j  0  j 


0  =  I  (43) 


Hence,  P,(p)  can  be  written  as 


Px(p)  =  yv3'(p)Ao«(p)  (44) 

with  the  Hermitian  matrix 


This  quantity  is  of  particular  interest  in  radar  meteorology 
as  described  by  Jameson  [16]  and  Dalakrishnan  and  Zrnic 
[1 7]  (canting  effects  of  hydrometeors,  hail  size  inferences). 
From  eq.  (37)  follows  that  optimal  polarizations  of  the 
copolar  correlation  Rot(p)  coincide  with  those  of  the 
crosspolar  power  functions  P,(p). 

The  extremal  conditions  which  determine  characteristic 
transmitter  polarizations  for  specific  covariance  matrix 
elements  (radar  observables)  can  be  solved  by  standard 
numerical  techniques  either  directly  in  the  complex  plane 
or  by  reducing  the  problem  to  the  numerical  solution  of 
two  coupled  nonlinear  equations  by  separating  real  and 
imaginary  parts,  see  Tragi  [5].  For  the  cross-  and  co-polar 
power  optimization  problem,  however,  more  elegant  sol¬ 
ution  methods  will  be  presented  in  the  following. 


Ao  =  QEoQ"  (45) 

and  the  constraint 


Splitting  up  Ab  into  its  symmetric  and  skew-symmetric 
parts  and  taking  into  account  that  only  the  symmetric  part 
contributes  to  the  quadratic  form  yields 

Px(F)  =  y5^(p)  Re/Vo  5(p)  =  yF(ReAo)  (47) 

where 


Crosspolar  Power 

Denoting  the  column  vectors  of  the  tran.sformation  matrix 
T‘{p),  cf  eq.  (9),  as 

T^(/»)  =  [J,(p).  *2(f>).  *3(p)]  (3«) 

with  the  normalized  2-parametric  complex  vector 
*2(p)  =  [  -  VFp,  I  -  \P\\  y/2  p‘//(l  +  \pfy  (39) 


RcAo  =  -^(Ao-I-A;)  =  ^(Ao-I-aJ)  (48) 


Tlie  extremal  values  of  the  quadratic  form  eq.  (45)  can  be 
found  by  calculating  the  eigenvalues  >lj(ReAo),  i  =  1 ,2,3,  of 
ReAo.  The  optimal  polarization  ratios  p  can  then  be 
determined  from  the  corresponding  normalized  real 
eigenvectors  via  eq.  (41).  According  to  eq.  (41),  eigenvec¬ 
tors  with  opposite  signs  lead  to  orthogonal  polarization 
states  characterized  by  p  and  —  1  /p*,  i.e.  pairs  of  orthog¬ 
onal  polarizations  attain  the  same  crosspolar  power  value 
as  indicated  already  in  eq.  (21),  cf.  [12].  Note  that 
trace  ReA«  =  trace  Ag  =  trace  Eg.  Explicit  expressions  for 
the  elements  of  the  symmetric  matrix  ReAg  read 
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CRcAqJjj 

[ReAoDjj 

[ReAo]|j 

CReAoJjj 

CReA(,]^j 

[ReAoDjj 


2<  I  Sjjv  I  ) 

Re{<S|^v  Syv  —  Suv>} 
Inri{<SHv  Syv  -  <Shh  Sjiy)} 

1/2(OShhI  )  +  OSvvI  ) 

^  ,  (49) 

—  2  Re{<S|,|H  Svv)}) 

-  lm{<S„„  Svv>} 

1/2^0ShhI  )  +  OSyy|  y 
+  2  Re[<S„„  Syy>}^  . 


which  can  be  represented  as,  cf.  e.g.  [9] 


M  =  <S  ®  S*>A'' 

with 


10  0  1 


A  = 


10  0-1 
0  110 


0  j  -j  0 


(58) 


(59) 


Here  ®  indicates  the  Kronecker  (tensor)  product.  Note 
that 


Invoking  a  general  result  of  Weyl  [21]  on  the  eigenvalues 
of  a  sum  of  llermitian  matrices  one  finds 

2i(Ao)  <  2|(ReAo)  <  22(Ao) 

<  23(ReAo)  <  23(Ao) 


M||  =  traceQo  =  M22  +  Mjj  +  M44 
=  1  /4  traceEg 


and  hence 


(60) 


For  a  deterministic  target  (coherent  case)  /l,(ReAo)  =  0  due 
to  rank(ReAo)  =  2  and,  hence,  mi«^P,(p)  =  0.  This  corre¬ 
sponds  to  Takagi's  factorization  of  the  symmetric  scatter¬ 
ing  matrix  S  [21]. 

Writing 

^  ReAo  =  IVI„l-Qo  (51) 

where 


traceM  =  M|)  -I-  traceQg  =  1/2  traceZ^  (61) 

Thus,  a  connection  between  (he  covariance  matrix 
approach  and  the  Mueller  matrix  formulation  for  the 
crosspolar  power  expressions  has  been  derived. 

In  eq.  (54)  P,(p)  does  not  depend  upon  the  term  bo/2.  This 
corresponds  to  llie  fact,  that  PJ,p)  is  dependent  only  on  the 
elements  of  the  matrix  ReAo.  Furthermore,  since  in  eq. 
(47)  v(p)  can  be  replaced  by  —  v(p),  the  Stokes  vectors 
g(p)  and  g|(p)  can  be  interchanged  in  eq.  (54). 


M 1 1  =  1/4  trace  ReAg  =  1  /4  trace  Eq  (52) 

Qo  =  ( /4  (trace  Eq  I  -  2  ReAg)  (53) 

the  crosspolar  power  expression  P,(p)  assumes  the  form 

p,(p)  =  !V1„-?V)Qo»(p) 

=  tJiP)  M  g(p) 


Copolar  Power 

The  copolar  power  term  Pm(p)  assumes  the  form 
Pco(p)=  J,(p)"Et,i,(p) 

with 

i,(p)  =  [l.  p\  pV/{1  +IPI^) 


(62) 


(63) 


g  is  the  Stokes  vector  for  the  transmitting  antenna  polari¬ 
zation 

g(p)  =  [l  5^(p)f  (55) 

and  g{  is  the  Stokes  vector  for  the  receiving  antenna 
polariution 

f,(p)  =  [l  -v’^(p)f  (56) 

g|(p)  is  orthogonal  (antipodal)  to  g(p),  i.e.  g|  •  g  =  0. 


Applying  the  same  transformation  matrix  Q  of  eq.  (43)  to 
7.|(p)  now  yields 

Qj,(p)  =  -^[S(p)-l-jy(p)]  (64) 

V2 

with  the  real  orthogonal  normalized  vectors 

A  2  2 

x(p)  =  [2  Rep,  Re  p  —  Im  p  —  1,  2  Rep  Imp] 

/(I  +  IpI^) 


In  eq.  (54)  IVf  denotes  the  symmetric  Stokes  reflection 
(Mueller)  matrix 


W  =  [iVI, = 


M„ 

1/2  ^ 


»/2lS 

Qo 


(57) 


y(p)  =  [  “  2  Imp,  -  2  Rep  Imp,  Re^p  —  Im^p  +  1] 

/(I  +  IPI^) 

P{^(p)  can  now  be  expressed  in  the  following  form 
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»^(P)  =  y  SV)  ReAo  «(p)  +  y  y V)  ReAo  y(p) 


+  y^(p)  ImAo  x(p) 


(67) 


The  matrix  ImAg  =  —  J  (Ag  —  Aj)/2  is  real  and  andsym- 
metric  and  has  the  general  form 


ImAg  = 


0  bo3  -  ho2 
-  boj  0  boi 

•’02  ~  •’Ol  •• 


with 


•*01  ~  y  ((l®nnl^)  ~  <|Svvl^)) 


•’02  ~  Rc{<S[|vSvv)  +  (•’IIII^HV)} 

bo3  =  lm{<S,jvSvv>  +  <Snn^ifv)l 
It  is  easily  seen  that  with  bg  =  [bgi,  bgj,  •’oi]^ 

ImAo  *(P)  =  *(P/  *  IV) 

where  x  denotes  the  usual  vector  product. 

Thus 


y  ImAoX  =  y  •(xxbo)  =  (y  xx)-bo 

''  u  ''T .  .T '' 

=  v.bo  =  v  bo  =  boV 


(68) 


(69) 

(70) 

(71) 

(72) 


(73) 


and  thus 


where 


Rc^oCp)  =  v'^(p)  Bo  y(p)  +  I’J  y(p)  (79) 


Bo  =  1/2  (trace(ReAo)  I  —  ReAo) 


(80) 


For  the  special  case  bg  =  0  eq.  (79)  is  reduced  to  a  real 
quadratic  form  similar  to  eq.  (47).  Moreover,  copoiar  and 
crosspolar  characteristic  polarizations  are  identical  in  this 
particular  case. 

Note  that 

trace  Bo  =  trace  ReAo  =  trace Ao  =  traceEo  •  (^l) 

With  cqs.  (52)  and  (S3)  follows  from  eq.  (80) 

Bo  =  Mjil-I-Qo  (82) 

and  the  copoiar  power  expression  V^{p)  can  be  written  in 
the  form 


P^^(p)  =  Mm+v%)  Qo?(p) 

-l-l/2bJv(p)-l-l/2  0V)»>o 


(83) 


=  r'^(p)  yt  g(p) 


g  is  the  Stokes  vector  for  the  transmitting  and  receiving 
antenna  polarization,  cf.  eq.  (56) 


R(P)  =  [I  vV)f 


(84) 


and  M  denotes  the  symmetric  Stokes  reflection  (Mueller) 
matrix  defined  by  eq.  (57). 


y(p)  =  9{P)  X  S(p) 


'Ihe  matrix 


(74) 


Ihe  last  lines  establish  the  agreement  of  the  covariance 
matrix  method  with  the  Mueller  matrix  approach  to  the 
copoiar  optimization  problem  as  performed  for  instance 
by  van  Zyl  et  al.  [19]  and  Yamagouchi  et  al.  [10]. 


(3  =  {x(p),  y(p),  v(p)} 
is  obviously  orthogonal  OO’^  =  I. 

I  lence  the  trace  of  the  expression 


o'  ReA<,0  = 


AT  o  A  '' 

X  ReAg  X 


AT  O  A  A 

y  ReAgy 


(75) 


AT  n  A  A 

V  ReAg  V 


(76) 


yields 

trace(0^  ReAg  O)  =  trace(ReAg  O  O^) 
=  trace  ReAg 


(77) 


AT  a  ^  O  A  ^  M  A  '' 

=  X  ReAg  X  +  y  ReAg  y  +  v  ReAg  v 


x^  ReAg  X  +  y^  ReAg  y  =  trace  ReAg  —  ReAg  »  (78) 


Applying  the  method  of  Lagrange  multipliers,  cf.  e.g. 
Lcibnann  [20],  the  vectors  v  which  extremise  the  quadra¬ 
tic  form  eq.  (79)  for  Pro(p)  are  solutions  of  the  set  of  cou¬ 
pled  non-linear  equations  in  v  and  p: 


BgV 


pv  =  -l/2bo 


AT  A  , 
V  V  =  I 


(85) 


(86) 


Using  eq.  (82)  the  first  of  these  equations  may  be  replaced 
by 


Qo?  -  vv  =  -  I/2bo 


(87) 


where,  cf.  [19],  the  Lagrange  multipliers  v  and  p  are 
related  by 


V  =  p  -  M. 


(88) 


Assuming  Bg  to  be  simple  with  eigenvalues  p,  = 
2M||  —  At  i(ReAg)  fi  ”  1,2,3)  with  Pi  <  pj<  p^and  cor¬ 
responding  normalize  orthogonal  eigenvectors  X|  one  can 
expand  v  and  bg/2  into 


I 
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A  V  '' 

i-=  I 

3 


and  obtains  for  fi, 


Hence,  from  cqs.  (89)  and  (91)  follows 


(i  =  1.2,3) 


Pt 


(/i  - 

The  normalization  condition  (86)  yields 


3 

z 

i  =  I 


p: 


(m  -  fii) 


1 


(89) 


(90) 


(91) 


(92) 


(93) 


Lsing  cq.  (96)  one  finds  from  eq.  (80) 

Bq  ~  I'l  **0  =  **0 


(97) 


Identifying  x,  =  bo/||bol|  in  eq.  (90)  yields  Pi  =  ||bol|/2, 
=  /?j  =  0  and,  hence, 


and 


llboll  1 
2 


AT  A  2  INI 

V  V  =  a,  =  ■ 


,  a2  =  «3  =  0  (98) 


(99) 


“  (/t-2M„)^ 

The  normalization  condition  v’'  v  =  1,  cf.  eq,  (92),  yields 


and 


(1.2)  -r  INI 

ft'  '  =  2M|,+— ^ 


«<’>  =  a, = -1  =-«f>  =  (101) 


(100) 


(2)t 


**o  - 

'  “  INI  ~ 


(102) 


lliis  yields 


Multiplying  eq.  (93)  by  {ft  -  leatl*  to 

a  polynomial  p((i)  in  n  of  sixth  order  with  cocrficicnts 
depending  on  tiie  eigenvalues  ft/  and  the  expansion  coeffi¬ 
cients  Pi  (i=  1,2.3),  cf.  [19]  for  details.  The  roots  of  this 
polynomial  are  denoted  by  u***  (k  =  1 ,2,...,6)  where 
//“>  <  /I®  <  ...  <  /i"’. 

For  a  deterministic  target  (coherent  case)  ensemble  aver¬ 
aging  < .  >  becomes  obsolete  and  it  follows  with  eqs.  (2). 
(43),  (45)  and  (48) 

ReAo  =  Re{Q  Qq}  Re{Q  «o)^ 

+  ImfQ  Oq}  IntiQ 

The  spectral  theorem  for  matrices  [18]  immediately  yields 
rank(ReAo)  =  2,  i.e.  one  of  the  eigenvalues  of  ReAo  is  zero. 
Since  direct  calculation  shows  that 

Im{Q  Qq)  X  Re{Q  Qg)  =  bg  (95) 

where  bg  is  given  by  eqs.  (69)-(71)  (without  averaging 
brackets  < .  > ),  it  follows  that  bg  is  eigenvector  of  ReAg 
corresponding  to  the  eigenvalue  2, (ReAg)  =  0 

ReAg  bg  =  0  (coherent  case) .  (96) 

Applying  eq.  (96)  to  the  crosspolar  case,  cf.  eq.  (47)  and 
text  following  eq.  (SO),  it  becomes  evident  that  in  the 
coherent  case  there  exist  two  orthogonal  polarization 
states,  corresponding  to  +  bs/||bg||,  for  which  the  crosspo¬ 
lar  power  P,(p)  vanishes. 

These  same  polarization  states  lead  to  optimal  copolar 
polarizations  as  follows. 


I’coIp'”)  =  Y  traccEg  -  ||hg||  (103) 

=  y  +  IIMI  •  (J04) 

'Hhis,  there  exist  two  optimal  polarization  states  in  the 
coherent  case,  namely  -I-  bg/Ubgll  which  lake  antipodal 
positions  in  the  Poincare  sphere  representation.  The 
coherent  case  can  be  studied  directiy  using  the  Sinciair 
matrix  S,  of  course.  Formally  the  coherent  case  is  included 
in  the  incoherent  case  for  Pi  =  Pf  =  0. 


Numerical  Examples  and  Graphical  Evaluation 

The  polarimctric  covariance  matrix  concept  with  its 
polarization  invariant  parameters  can  be  used  as  a  tool  for 
polarimetric  analysis.  'Fhis  will  be  illustrated  for  both 
SAR-dala  (spatial  ensemble  averaging)  and  weather  radar 
data  (temporal  ensemble  averaging),  assuming  homogene¬ 
ity  respectively  stationarity  of  the  random  scattering  media. 
Two  dilTerent  types  of  target  areas  as  part  of  a  synthetic 
aperture  radar  (SAR)  image  of  the  Oberpfafrenhofen  test 
site  will  be  considered.  The  data  has  been  analysed  at 
DLR  Obcrpfaircnhofcn;  Held  et  al.  [14]  give  a  description 
of  the  NASA-JPL  airborne  SAR-system. 

In  the  following  table  target  invariant  parameters  of  the 
covariance  matrices  of  a  representative  area  of  buildings 
and  an  area  of  grass  are  given. 

It  should  be  remembered  that  a  deterministic  target  has 
eigenvalues  2|  =  Aj  =  0. 
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Area 

IWEmmmmBmi 

A2 

Iracefi;) 

Grass 

0.79  1 

0.73 

3.7  dB 

Buildings 

0.71 

23.5  dB 

TaUc  1.  Invariant  parameters  of  two  dilTerent  target  areas  within  an 
L-Band  SAR-image  of  the  OberprafTenhoren  test  site;  the 
eigenvalues  JL  of  the  target  covariance  matrices  have  been  iK>r- 
malised  by  the  trace  of  the  matrices. 


The  grass  area  clearly  resembles  a  deterministic  target.  At 
L-Band,  the  observed  grass  area  can  be  described  as  a 
rough  surface  with  insignificant  random  variations  since 
two  eigenvalues  are  close  to  zero.  In  fact,  corresponding 
power  signatures,  cf.  Figure  1,  are  similar  to  the  power 
spectrum  one  would  expect  for  a  Bat  plate. 


CROSSPOLAR  POWER 


T 

m 

100 

80 

M 

80 

-1 

40 

1 

SO 

Figure  I.  Copolar  and  Crosspolar  Power  Signatures  for 
Grass  Area 


The  covariance  matrix  of  the  test  area  of  buildings  has 
only  one  almost  vanishing  eigenvalue.  Analysing  the  power 
spectra,  cf.  Figure  2  it  becomes  clear  that  one  could 
approximately  model  the  covariance  matrix  of  this  area 
of  buildings  by  the  sum  of  a  corner  reflector  type  and  a 
noise  covariance  matrix  (cf  target  decomposition  theorem 
[4]  [15]). 


This  way,  Ute  two  considered  targets  both  resemble  a  det¬ 
erministic  target  as  far  as  their  smallest  eigenvalue 
=  2,  is  concerned. 

Ihe  range  in  which  the  mean  power  return  can  be  varied 
by  polarimelric  means  is  determined  by  Ihe  eigenvalue 
difference  &A,  see  (27).  Interestingly  enough,  for  the  two 
considered  target  areas  this  value  is  about  the  same.  The 
total  backscattered  power  in  the  four  orthogonal 
lions,  however,  is  roughly  20  dR  higher  for  the  test  area 
of  buildings. 


Figure  i.  Copolar  and  Crosspolar  Power  Signatures  for 
Area  of  Buildings 


Polarization  invariant  covariance  matrix  parameters  as 
derived  above  for  two  test  areas  can  serve  for  dassification 
purposes  as  special  target  features. 


For  meteorological  reciprocal  random  targets  covariance 
matrix  parameters  and  representations  of  covariance 
matrix  elements  (radar  observables)  are  very  meaningful 
and  directly  connected  to  microphysical  parat.ieters,  cf. 
[5]  [6]. 

(Copolar  and  crosspolar  power  signatures  are  shown  for 
rain  and  chalT  measurements  (as  performed  with  the  DLR 
weather  radar  [I  I])  in  Figure  3  and  Figure  5. 


The  copolar  power  signature  as  function  of  transmitter 
polarization  p  for  rain  is  typical  for  an  ensemble  of  almost 
sphere-like  single  scaltercrs:  Minima  are  to  be  found  close 
to  circular  polarizations,  whereas  for  linear  polarizations 
high  values  of  mean  copolar  backscattered  power  can  be 
found.  Correspondingly,  one  expects  for  Ihe  mem  cross- 
polar  backscattered  power  due  to  the  geometric  form  of 
the  single  scaltcrers  maximal  values  for  circular  polariza¬ 
tions;  minima  can  be  found  along  the  axis  of  linear  polar¬ 
izations. 

Ihe  polarimetric  degree  of  coherence  as  defined  in  eq.  (1 5) 
serves  as  an  indicator  of  the  randomness  of  a  target  for  a 
specific  transmitter  polarization;  The  observed  rain  cell 
can  be  compared  to  a  deterministic  target,  since  except  for 
optimal  polarizations  the  backscattered  waves  are  almost 
completely  coherent  as  depicted  in  Figure  4. 


Tlic  lucatioi,  c.'cAueiiiat  values  of  the  copolar  power  sig¬ 
nature  of  a  chaff  (metallized  2/2-  synth^c  fibres)  meas¬ 
urement,  see  Figure  5,  directly  reflects  mean  dipole  cant- 
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The  overall  structure  of  the  crosspolar  signature  plot  of 
chaff  data  is  typical  for  clutter -like  targets,  even  though  the 
locations  of  local  extrema  again  reflect  mean  dipole  cant¬ 
ing  angles  [S]. 


COPOLAR  POWER 


CROSSPOLAR  POWER 


Figure  5.  Copolar  and  Crosspolar  Power  Signatures  for 
Chaff 


Mean  dipole  canting  angles  and  their  location  can  be  seen 
also  in  a  contour  diagram  Figure  6  of  the  correlation  dif¬ 
ference  RJ’  —  Crosspolar  extrema  correspond  to  cor¬ 
relation  dilference  nulls,  cf.  eq.  (34).  In  a  signature  plot  of 
the  mean  degree  of  polarization  Figure  7  it  can  be  seen 
that  the  ratio  of  polarized  wave  components  power  to  total 
power  is  extremal  at  polarization  ratios  p  corresponding 
to  mean  dipole  canting  angles. 


In  previous  sections  of  this  paper  analytical  and  numerical 
algorithms  to  determine  optimal  polarizations  in  the  co- 
and  crosspolar  case  have  been  presented. 


The  covariance  matrix  of  the  observed  area  of  grass  (see 
power  signatures  Figure  I )  is 


2.0120 

.0931  e''*'* 

1.1966  e'’’" 

.0931  e 

.2774 

.1483  e“ 

l.l966e 

.1483  ei'O*  ’' 

1.4790 

(105) 


Figere  4.  Degree  of  Polarimetric  Coherence  for  Rain 


ing  angles  (extremal  values  for  co-  and  crosspolar  power 
for  =  31”  respectively  tp  =  121”  ). 


Evaluation  of  P,(p)  =  1  /2  v^(p)  ReA®  v(p)  (cf.  eq.  (44)) 
determines  extremal  values  for  the  crosspolar  power  cal¬ 
culating  the  eigenvalues  of  ReAo- 


With 
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Figure  6.  Correlation  Difference  for  Chaff 


- 


Figure  7.  Mean  Degree  of  Polarization  for  ChalT 


p,  =  .0362c’''“  ^',  P2  =  .9488  p,  =  1.0511  e’”  ^ 

and,  since  polarization  ratios  —  1/p'  result  in  extremal 
crosspolar  power  values  also,  six  crosspolar  power  optimal 
polarizations  with  corresponding  values  P„  see  Table  2. 


T 

V 

P. 

1.3” 

178.4” 

.1350 

-1.3” 

88.4" 

.1350 

1.9” 

43.5" 

.2748 

-1.9” 

133.5” 

.2748 

42.7" 

116.0” 

1.4744 

-42.7” 

26.0" 

1.4744 

Table  2.  Crosspolar  Power  Optimal  Polarizations  for  Grass 
Area 


I'or  the  copolar  case,  eq.  (92)  yields  for  the  magnitude  of 
the  polarization  variability  vector  v 


1 


where 

/?,  =  ^  bjxi  (i  =  1,2,3)  .  (109) 

Making  use  of  the  normalization  condition  |v|  ^  1,  (108) 
can  be  transformed  into  a  polynomial  p(p)  in  p  of  sixth 
order. 

1  he  number  of  solutions  p  for  |v(p)|  =  1  respectively 
p(p)  =  0  directly  determine  the  number  of  characteristic 
polari7.ations  for  a  specific  target. 

The  roots  of  the  polynomial  p(p)  can  be  found  by  using 
Newton's  method  of  successive  approximations,  cf.  [22] 
[19].  However,  convergence  may  not  be  achieved  or  the 
proper  root  may  not  be  found. 

Instead,  a  golden  section  search  algorithm  [22]  can  be 
implemented  to  determine  the  existing  roots  of  p(p)  in  a 
fully  operational  manner. 

The  search  is  to  be  conducted  '.i  an  interval  [p„  P|]  and 
lM^<  /tb]  O'!'  Mi  corresponding  to  the  smallest  respectively 
largest  eigenvalue  of  &«)  to  determine  the  smallest  and 
largest  root  of  p(p)  whose  existence  is  guaranteed  even  for 
deterministic  targets  (see  below).  Interval  limiters  p,,  pi, 
are  found  by  a  golden  section  interval  expansion  starting 
from  Pi  respectively  pj  until  p(p)  changes  sign. 

Tor  a  non -deterministic  target  another  two  roots  may  be 
found  in  the  interval  [/i,,  p]]  and  similarly  in  the  interval 
[p],  P3].  The  intervals  [pi,  pj]  and  [p],  pj]  are  subdi¬ 
vided  into  [p|.  Pa]  and  [pa,  P]]  respectively  [p2,  pg]  and 
[p?,  pj]  where  a,  b  =  I  p-o.)  =  0  • 


2,(ReAo)  =  .2700,  2j(ReAo)  =  .5497,  /Ij(ReAo)  =  2.9487 


follow  optimal  polarization  ratios 


The  magnitude  of  the  polarization  variability  vector  |v(p)| 
is  well  suited  for  graphical  evaluation  illustrating  the  root 
finding  problem. 
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Analyzing  L-band  data  for  an  area  of  grass,  |v(^)|  reveals 
a  total  of  only  four  power  optimal  characteristic  polariza¬ 
tion  states,  see  Figure  8.  Between  and  pij  Bie  values  of 
|v(/i)|  are  always  larger  than  one. 


The  eigenvalues  of  Rg  are 

=  .4098,  /.(j  =  1.6094,  /i,  =  1.7492 

and  with 

bj  =  (.2665  -.0910  -.0664) 

follow  the  coelTicienls  /l| 

/?,  =  -.0368,  02  =  -  0405.  /?,  =  .1339 


As  has  been  pointed  out,  the  coherent  case  is  included  in 
the  presentation  derived  for  the  general  case  of  incoherent 
or  partially  coherent  backscatter. 

As  an  example  for  a  deterministic  target,  the  scattering 
matrix  S  for  a  horizontally  oriented  dipole  is 


Figure  9  shows  |v|  as  a  function  of  /i. 


The  fact,  that  there  are  only  two  values  fi  for  which  |v| 
attains  the  value  |v|  =  1 ,  corresponds  to  a  p(/i)-polynomial 
of  second  order:  For  a  deterministic  target  two  expansion 
coelTicienLs  vanish,  i.e.  0}  =  0}  —  0. 


and  the  sixth  order  polynomial  p(u) 


p(;,)  =  x''  -  7,5368x’  +  22.5628x'‘  -  33.8n92x’ 
-F26.l342x^-  9.5929x  4-  I.JII6 

The  above  polynomial  yields  for  p(/r)  =  0  four  real  roots 

/r"’  =  .3728,  =  .4469,  =  1.5391,  =  1.8882 

and,  thus,  with  eqs.  (89)  and  (91)  follow  polarization  vari¬ 
ability  vectors  v  that  can  be  directly  converted  into  com- 
olex  polarization  ratios  p  via  eq.  (41).  The  following 
Table  3  contains  the  four  copolar  power  optimal  polari¬ 
zations  with  corresponding  values  P„. 


Conclusion 

A  polarimctric  covariance  matrix  concept  has  been  pre¬ 
sented,  in  this  paper,  which  describes  the  polarimetric 
backscaltering  features  of  reciprocal  random  radar  targets. 
The  polarisation  dependence  of  second-order  radar 
observables  can  be  obtained  by  unitary  similarity  transf¬ 
ormations  of  the  covariance  matrix.  Invariant  target 
parameters,  such  as  the  minimum  and  maximum  eigen¬ 
value  or  the  eigenvalue  dilTerenc ;  of  the  covariance  matrix 
are  introduced  providing  quite  interesting  information 
upon  the  randomness  of  a  target  and  the  polarimetric  fea¬ 
tures  of  the  radar  observables.  A  method  to  determine  the 
polarimetric  variation  and  optimal  polarisations  of  any 
arbitrary  second -order  observable  has  been  presented  and 
illustrated.  Furthermore,  a  new  analytical  formulation  of 
the  problem  of  optimal  polarisations  for  the  mean  copolar 
and  crosspolar  power  return  is  derived.  This  way,  the 
operational  compulation  of  optimal  polarisations  within 
large  data  sets,  e.g.  in  the  case  of  SAR-images,  becomes 
feasible.  The  interrelationship  of  the  present^  covariance 
matrix  concept  with  the  Mueller  matrix  formulation 
appears  to  be  of  particular  interest 


Table  3.  Copolar  Power  Optimal  Polarizations  for  Grass  Area 
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DISCUSSION 


W.  Flood,  US 

Were  the  rain  data  presented  from  a  frontal  system  or  a  convective  storm?  In  other  words 
was  the  reflectivity  of  the  rain  volume  homogeneous? 

Author's  Reply 

The  author  replied  that  he  thought  the  reflectivity  of  the  rain  volume  was  reasonably 
homogeneous. 
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SUMMARY 

The  target  and  system  phase-stability  during  the  time  to 
measure  the  scattering  matrix  is  a  major  problem  for  millimeter 
wave  polarimetric  radars.  This  is  particularly  true  for  network 
analyzer-based  systems.  To  circumvent  this  phase-stability 
problem,  we  have  developed  new  fully  polarimetric  radars  at  35 
and  94  GHz.  The  system  is  based  on  a  relatively  inexpensive 
network  analyzer  and  is  capable  of  operating  in  either  the 
coherent  or  the  incoherent  polarimetric  measurement  mode.  In 
the  coherent  mode,  the  scattering  matrix  can  be  measured  within 
2  ms.  In  the  incoherent  mode,  the  average  Mueller  matrix  is 
measured  directly  by  transmitting  four  different  polarizations  and 
measuring  the  Stokes  vector  of  the  backscattered  signal.  To 
compare  the  performance  of  the  true  measurement  modes,  the 
average  Mueller  matrix  and  the  statistics  of  the  phase  difference 
of  the  two  co-polarized  signals  were  measured  for  a  rhododendron 
tree  and  for  a  metallic  tree.  The  average  Mueller  matrices 
obtained  from  the  coherent  and  incoherent  polarimetric 
measurement  modes  were  similar.  The  target  motion  during  the 
data  acquisition  period  did  not  change  the  average  Mueller 
matrix  in  the  incoherent  measurement  mode.  The  probability 
density  function  of  the  phase  difference  of  the  two  co-polarized 
signals  computed  from  the  average  Mueller  matrix  is  essentially 
the  same  as  the  one  measured  with  the  coherent  polarimetric 
measurement  mode. 

1  INTRODUCTION 

Increasing  interest  has  been  expressed  in  recent  years  for 
understanding  the  statistical  properties  of  data  obtained  with 
fully  polarimetric  radars  for  remote  sensing  applications  (Ulaby 
and  Elachi,  1990).  At  centimeter  wavelepgths,  polarimetric  data 
has  been  found  to  be  useful  for  land-use  classification  [Van  Zyl  et. 
al.,  1987]  and  for  measuring  the  biophysical  properties  of  forest 
canopies  [McDonald  et.  al.,  1990).  For  the  MMW  region,  however, 
it  is  still  not  clear  what  type  of  information  can  be  extracted  from 
polarimetric  radar,  over  and  above  the  magnitude  information 
provided  by  conventional  radar  systems  Unlike  the  microwave 
region,  the  complexity  and  the  cost  of  building  a  fully 
polarimetric  radar  at  millimeter-wave  frequencies  is  still  very 
expensive,  and  progress  has  been  rather  slow,  which  is  due,  in 
part,  to  the  limited  availability  of  experimental  data. 

At  microwave  frequencies  the  traditional  approach  used  for 
measuring  the  polarimetric  radar  response  of  a  given  target  is 
based  on  the  direct  measurement  of  the  target’s  scattering  matrix, 
S-  For  distributed  targets,  such  as  terrain  surfaces,  multiple 
measurements  of  S  are  made,  corresponding  to  statistically 
independent  samples,  each  measurement  is  used  to  compute  its 
corresponding  Mueller  matrix  C,  and  then  an  ensemble  average  is 
performed  to  obtain  an  estimate  of  the  average  Mueller  matrix, 

<  C  >.  Whereas  the  scattering  matrix  measurement  technique  is 
appropriate  at  microwave  frequencies,  it  is  difficult  to  implement 
at  millimeter  wavelengths  because  it  requires  that  both  the 
system  and  target  phases  remain  stable  during  the  time  it  takes 
to  measure  5  This  is  particularly  true  for  network 
analyzer-based  polarimetric  radars  [Ulaby  et.  al.,  1990). 

To  circumvent  this  phase-stability  problem,  we  have  developed 
new  fully  polarimetric  radars  at  35  and  94  GHz.  The  system  is 
based  on  relatively  inexpensive  network  analyser  and  is  capable  of 
operating  in  either  the  coherent  or  the  incoherent  polMimetric 
measu^ment  mode.  In  the  coherent  mode,  the  scattering  matrix 
can  be  measured  withiir  2  ms.  In  the  incoherent  mode  the  average 
Mueller  matrix  is  measured  directly  by  transmitting  four  different 
polarisations  and  recording  the  horizontally  polarized  and 
vertically  polarised  components  of  the  backscattered  field.  This 
pap^  includes  a  detailed  analysis  of  the  two  measurement  inodes, 
and  provides  comparisons  of  data  measured  luiing  the  two  modes 
for  a  rhododendron  tree  and  an  artificially  made  metallic  tree. 


2  NWA  BASED  POLARIMETRIC 
RADARS 

The  fully  polarimetric  radar  configuration  based  on  the  vector 
network  analyzer  (NWA)  is  easy  to  construct  and  is  widely  used 
for  remote  sensing  investigations  [Ulaby  et.  al.,  1990].  These 
systems  usually  are  operated  in  the  swept  frequency  mode  over  a 
given  bandwidth.  The  minimum  sweep  time,  which  depends  on 
the  number  of  frequency  points  and  the  type  of  NWA,  is  typically 
between  100  to  400  ms.  The  decorrelation  time  of  the  MMW 
wave  scattered  from  trees,  on  the  other  hand,  can  be  shorter  than 
10  ms  (Narayanan  et.  al.,  1988].  Hence,  when  using  the  fully 
coherent  measurement  configuration,  it  is  necessary  that  all  four 
components  of  the  scattering  matrix  be  measured  within  a  few 
milliseconds  in  order  to  obtain  accurate  data.  If  the  and 
polarized  signals  are  transmitted  sequentially  in  the  swept 
frequency  mode,  it  will  take  at  least  0.5  to  1  second  to  get  a 
complete  scattering  matrix,  including  the  data  transfer  time 
between  the  NWA  and  the  computer.  Obviously,  the  NWA-based 
MMW  radar  used  in  the  swept  frequency  mode  is  not  suited  for 
coherent  polarimetric  measurements. 

There  are  two  ways  to  overcome  the  shortcoming  of  the 
traditional  swept-frequency  NWA  based  polarimetric  radar.  The 
first  approach  is  the  incoherent  polarimetric  measurement 
technique.  With  this  technique  the  swept  frequency  mode  can  still 
be  used  for  the  NWA  operation  but  the  radar  transmitter  must 
be  modified  to  transmit  four  independent  polarizations.  The  data 
processing  and  calibration  are  substantially  more  complicated 
than  those  associated  with  the  coherent  polarimetric  technique. 
The  second  approach  is  the  coherent  polarimetric  measurement 
technique  using  Coupled/Chop  mode  and  point  by  point  external 
triggering  of  the  NWA.  Wc  have  developed  both  coherent  and 
incoherent  polarimetric  radars  based  on  these  techniques  at  35 
and  94  GHz.  Tne  radar  front  end  and  data  acquisition  system  are 
the  same  for  both  systems.  The  only  difference  is  the  operating 
mode  of  the  NWA  and  the  data  processing.  It  is,  therefore,  .. 
possible  to  obtain  polarimetric  data  of  the  same  targets  ^ 
coherently  and  incoherently.  The  block  diagram  of  the  MMw 
radar  system  and  the  35  GHz  front  end  are  shown  in  Figs.  1  and 
2.  The  block  diagram  of  the  94  GHz  is  essentially  the  same  as 
that  of  the  35  GHz  system.  In  the  following  section  the  details  of 
the  coherent  and  incoherent  systems  will  be  discussed. 

2.1  Coherent  Polarimetric  Radar 

The  coherent  polarimetric  radar  has  many  advantages  over  the 
incoherent  polarimetric  radar.  For  example,  with  the  coherent 
polarimetric  radar  the  statistical  data  including  the  phase 
difference  between  the  two  copolarized  channels,  can  be  easily 
obtained.  Another  advantage  is  the  significantly  simpler  signal 
processing  and  calibration  processes  compared  to  those  of  the 
incoherent  polarimetric  radar.  As  discussed  in  the  previous 
section,  the  NWA-based  radar  operated  in  the  swept  frequency 
mode  is  not  suited  for  coherent  polarimetric  measurements.  In 
this  section,  we  will  describe  a  new  technique  which  utilizes  a 
relatively  inexpensive  NWA  (HP8753C)  that  allows  the 
acquisition  of  coherent  polarimetric  data  at  a  much  faster  rate. 
With  this  system  it  is  possible  to  measure  the  scattering  matrix 
within  2  ms  at  35  and  94  GHz. 

Hie  Hewlett-Packard  network  analyzer,  HP8753C,  has  two 
independent  receiving  channels  which  can  be  used  in  the 
Coupled/Chop  mode.  It  also  has  a  point  by  point  external 
trig^ring  capability  in  the  swept  frequency  mode.  These 
functions  are  ideally  suited  for  the  coherent  polarimetric  radar. 
For  example,  the  simultaneous  acquisition  of  V  and  H  channels 
can  be  done  by  operating  A  and  B  inputs  in  the  Coupled/Chop 
mode.  The  point  by  point  external  triggering  can  be  used  for 
transmitting  V  and  H  sequentially  and  synchronizing  a 
polarization  control  circuit  to  create  different  polarizations.  At 
present,  HP8753C  does  not  support  the  external  point  by  point 
triggering  in  the  CW  mode  but  a  near  CW  mode  can  be  created 
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in  the  swept  frequency  mode  by  choosing  the  output  frequency 
bandwidth  to  be  IHz.  The  minimum  time  to  get  a  complete 
scattering  matrix  is  approximately  2  ms  in  the  present  system. 
The  polarization  of  the  transmitted  MMW  signal  is  controlled  by 
a  Faraday  rotator  whc^  switching  time  is  less  than  5  fts.  Using 
the  maximum  number  of  points  provided  by  the  HP8753C,  it  is 
possible  to  obtain  800  scattering  matrices  within  3.2  s  without 
transferring  data  into  a  computer. 

The  separation  of  signal  from  unwanted  noise,  such  as  antenna 
coupling,  is  accomplished  by  the  hardware  gating  circuit  in  the 
IF  path  as  shown  in  Fig.  2.  The  transmitted  pulse  length  is  20  ns 
and  the  pulse-repetition-rate  is  5  MHz.  Although  it  is  not 
necessary  to  scan  the  RF  frequency  band  in  the  coherent 
poiairimetric  mode,  additional  independent  samples  can  be 
realized  by  averaging  the  backscattering  coefficient  over  the  RF 
bandwidth  [Ulaby  et.  al.,  1988].  A  bandwidth  of  1  GHz  at  35 
GHz,  for  example,  offers  5  to  10  independent  samples  per  spatial 
observation  for  the  tree  measurements. 

The  calibration  of  the  coherent  system  is  straightforward. 
Because  the  system  has  more  than  23  dB  of  isolation  between  the 
V  and  H  channels,  a  sirrtple  calibration  technique  that  requires  a 
sphere  and  a  depolarizing  target  is  used  [Sarabandi  et.  al.,  1990]. 

2.2  Incoherent  Polarimetric  Radar 

In  the  incoherent  polarimetric  radar  technique,  the  Mueller 
matrix  of  the  target  is  measured  directly  by  transmitting  four 
independent  polarizations  and  receiving  the  Stokes  vector  of  the 
scattered  signal.  Because  the  correlation  between  the  V  —  and 
// —  polarized  signals  is  inherently  included  tn  the  received  Stokes 
vector,  the  measurement  time  between  the  different  incident 
polarizations  can  be  much  longer  than  the  decorrelation  time  of 
the  target.  The  incoherent  polarimetric  technique  also  permits 
the  use  of  MMW  sources  that  do  not  have  good  phase-stability  in 
the  transmitter  section  [Mead,  1990].  A  desired  polarization  can 
be  created  by  placing  two  quarter-wave  plates  in  front  of  the 
transmitting  antenna  and  by  aljusting  the  orientation  angle  of 
each  wave  plate  relative  to  the  incident  polarization. 

The  received  Stokes  vector  for  a  given  incident  polarization  is 
usually  obtained  by  two  different  approaches,  incoherent  and 
coherent-on-receive  techniques.  The  incoherent  receive  technique, 
which  often  is  employed  in  optics  measures  the  intensity  of  six 
different  receive  polarizations,  but  the  phase  measurement  is  not 
required  The  Stokes  vector  is  obtained  by  taking  appropriate 
ratios  of  the  receive  intensities,  as  shown  in  Appendix  A. 

The  receiver  of  the  coherent-on-receive  technique  is  similar  to 
that  of  the  coherent  polarimetric  radar.  The  coherent-on-receive 
method  requires  the  measurement  of  the  magnitudes  of  the  V  — 
and  If  -  polarized  receive  signals  and  the  phase  difference 
between  them,  but  it  does  not  have  to  measure  the  phase  angle 
relative  to  the  transmitted  sign?.!,  as  is  the  case  with  the  coherent 
polarimetric  rstdar.  The  Stokes  vector  can  be  computed  from  the 
magnitudes  of  the  V  and  H  components  of  the  received  signal 
and  the  phase  difference  between  them  as  shown  in  Appendix  A. 
Because  it  is  relatively  easy  to  measure  the  phase  difference 
between  the  V  and  H  channels,  our  system  is  based  on  the 
coherent-on-receive  technique. 

Calibration  of  incoherent  polarimetric  radar  systems  involves 
two  steps  [Mead,  1990].  In  the  first  step,  the  receiver  distortion 
matrix  is  obtained  by  placing  a  wire  grid  polarizer  in  front  of  the 
receiving  antenna  at  three  different  positions.  In  the  second  step, 
the  exact  polarization  properties  of  the  transmitter  are 
determined  by  measuring  the  backscatter  from  a  point  target 
with  known  scattering  matrix  using  the  calibrated  receiver. 


3  EXPERIMENTAL  DATA 


Table  1  shows  the  average  Mueller  matrices  of  the 
rhododendron  and  metallic  trees  obtained  by  the  coherent  and 
incoherent  polarimetric  radar  techniques.  The  Mueller  matrices 
are  normalized  with  respect  to  the  Ln  component  to  show  the 
relative  magnitude  of  the  matrix  elements.  The  average  Mueller 
matrix  of  the  coherent  polarimetric  radar  technique  was 
computed  from  the  8000  scattering  matrices  obtained  over  the 
34-35  GHz  band.  Because  of  the  slow  data-acquisition  speed  in 
the  incoherent  polarimetric  radar,  the  average  Mueller  matrix  is 
obtained  from  only  500  samples,  including  those  due  to  frequency 
averaging  over  the  1-GHz  RF  bandwidth. 

The  sum  of  the  Mueller  matrix  elements  L33  and  L44,  which  is 
a  function  of  the  correlation  between  and  Shh,  is  higher  for 
the  metallic  tree  than  for  the  rhododendron  tree.  Although  the 
polarimetric  signature  computed  from  the  average  Mueller  matrix 
is  useful  for  showing  the  characteristics  of  the  target,  it  is  not 
easy  to  directly  relate  the  target  characteristics  to  the  values  of 
the  Mueller  matrix  elements. 

Figure  4  shows  the  probability  density  function  of  the  phase 
difference  between  the  two  co-polarized  channels  (<f>e  =  phase  of 
Svv  -  phase  of  5^^)  obtained  with  the  coherent  polarimetric 
radar.  As  expected,  p(<^e)  of  the  metallic  tree  is  much  narrower 
than  that  of  the  rhododendron  tree,  showing  strong  correlation 
between  ^nd  Stih  ■ 

Unlike  the  coherent  polarimetric  radar,  the  information 
obtained  with  the  incoherent  polarimetric  radar  is  limited  to  the 
average  Mueller  matrix  and  it  is  not  possible  to  measure  the 
probability  density  ft)  )n  p(^c)  directly.  Due  to  a  recent 
theoretic^d  derivatioi;  vever,  the  phase  statistics  of  <pe  can  be 
estimated  from  the  average  Mueller  matrix  [Sarabandi,  1991]. 

The  probability  density  function  p(^c)  is  given  by 


p(^c)  = 

where 

Alt  = 


AuAaa-Ajjj  AJ4 
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A33  =  — 


Ai3  = 


Am  = 


Lm  -  Laz 


D  =  A)3Cos^<  +  Am  sin  0c  , 

B=  (A|,A33-D®]^  . 


The  function  p(0c)  is  completely  specified  in  terms  of  the 
elements  of  the  average  Mueller  matrix  Cm- 
The  average  Mueller  matrix  given  in  Table  1  and  the 
probability  density  function  of  the  phase  difference  shown  in  Fig. 
4  are  obtained  from  the  same  target  by  two  different  polarimetric 
measurement  techniques.  If  the  probability  density  function  given 
by  Eq.  I  is  correct,  p(0c)  estimated  from  the  average  Mueller 
matrix  must  be  similar  to  the  one  shown  in  Fig.  4.  Figure  5 
shows  the  probability  density  function  computed  from  the  average 
Mueller  matrix  obtained  by  the  incoherent  polarimetric  radar. 
The  agreement  between  Figs.  4  and  5  is  excellent  for  both  trees. 


4  CONCLUSION 

The  work  described  in  this  paper  has  demonstrated  that  the 
average  Mueller  matrices  obtained  using  the  coherent  and 
incoherent  polarimetric  measurement  techniques  are  essentially 
identical.  The  advantage  of  the  coherent  polarimetric  radar  over 
the  incoherent  polarimetric  radar  is  its  ability  to  measure  the 
statistic^  distributions  of  the  magnitudes  and  relative  phases  of 
the  scattering  matrix  elements.  The  incoherent  polarimetric 
radar,  however,  is  particularly  useful  if  the  target  decorrelation 
time  is  much  faster  than  the  data  acquisition  time. 


To  demonstrate  that  the  coherent  and  incoherent  polarimetric 
measurement  techniques  do  indeed  provide  identical  information 
for  distributed  targets,  experiments  were  conducted  using  a 
rhododendron  tree  and  a  metallic  structure  resembling  a  short 
tree.  Photographs  of  these  targets  are  shown  in  Fig.  3.  The 
metallic  structure  is  used  for  creating  a  target  return  with  strong 
correlation  between  the  5^,  and  Shk  components.  To  create  many 
independent  samples  and  also  to  show  that  the  incoherent 
polarimetric  technique  can  provide  accurate  results  even  if  the 
data  acquisition  time  is  much  longer  than  the  target  decorrelation 
time,  the  trees  were  nHated  at  slow  (0.67  rpm)  and  fast  (1.33 
rpm)  speeds  during  the  data-ccdlection  procesr 
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APPENDIX  A 


COHERENT-ON-RECEIVE 

TECHNIQUE 

Complete  polarimetric  characterization  of  the  scattering 
properties  of  a  distributed  target  can  be  obtained  by  measuring 
either  the  scattering  matrix  5  or  the  Mueller  matrix  Cm 
Measurement  of  the  scattering  matrix  requires  accurate  phase 
measurements.  Also  4  elements  of  <5  must  be  obtained  within  the 
decorrelation  time  of  the  target  which  is  in  the  order  of 
millisecond.**  at  MMW  frequencies.  The  scattered  electric  field  E*”, 
in  terms  of  the  scattering  matrix  S  and  the  incident  electric  field 
E^  is  given  by 


ikr 

E"  =. - SE* 

r 


(A.l) 

(M.2) 


To  obtain  S,  we  need  to  send  [Ev-Oj*  and  (0,  and  measure 
E„  and  Et,  simultaneously. 

The  polarized  wave  can  also  be  expressed  in  terms  of  the 
Stoke’s  vector  Fm  which  is  defined  as 


where  Cm  is  called  the  Mueller  matrix. 

The  totally  incoherent  method  does  not  require  phase 
measurements.  With  this  method,  the  4  elements  Stokes  vector 
are  obtained  by  receiving  6  polarisations  (V,  H,  45, 135,  LHC, 
RHC).  For  example,  the  third  element  of  Stokes  vector  U  is  given 
as  a  ratio  of  intensities  at  45  linear  to  135  linear.  For  a  given 
incident  polarization,  therefore,  we  can  obtiun  a  column  of  the 
Mueller  matrix.  To  get  the  complete  Mueller  matrix,  we  need  to 
repeat  this  process  for  4  independent  incidrat  polarisations. 
Altogether,  at  least  24  magnitude  only  measurements  are  required 
to  obtain  the  complete  Mueller  matrix.  Although  the  phase 
measurement  is  not  required  with  the  incoherent  method,  it  is 
necessary  to  receive  ail  6  polarizations.  The  elements  of  the 
Stokes  vector,  in  terms  of  6  polarizations  and  a  set  of  4 
independent  incident  polarizations,  given  by: 
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where  W  is  the  received  intensity  of  polarization. 

If  a  receiver  is  able  to  measure  the  phase  between  the  V  and  H 
channels,  it  is  possible  to  do  the  incoherent  method  without 
measuring  6  polarizations.  This  method  is  called  the 
coherent-on-receive  (COR)  technique.  The  elements  of  the  Stokes 
vector  can  be  expressed  as 
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where  6  is  the  phase  difference  between  V  and  H  channels. 
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then  (A.l)  in  terms  of  Stokes  vector  becomes 
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Radtfi 


Figure  1  Block  Diagram  of  the  MMW  Polarimetric  Radar. 


Figure  3  Pkotograpka  of  the  Metallic  IVee  and  Rhododendron  IVee. 


35  GHz  Radar  (Fully  Polarlmetric) 
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'f23  dBm 
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Dual  Channel 
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VandH 

Fundamental  mixing 

6*  Lens  (beamwidth  4.2  degrees) 


Polarlmetric  data 

Incoherent  (eoherent-on-receiva) 
Mueller  matrix 


Rhododendron  Tree  (Target  in  motion) 

Incoherent  Polaiiineaic  Measurement  Mode  (500  samples) 
Fast  Motion 


1 

0.16 

0.186 

0.828 

0.04 

0.059 

-0.059 

-0.023 

-0.006  0.007 
-0.017  0.017 
0.735  0.056 
-0.019  0.472 


Slow  Motion 
1 

0.126 

-0.038 

-0.013 


0.231  -0.052 
1.035  -0.021 
0.082  0.697 
-0.015  -0.064 


0.012  ■ 
0.049 
0.003 
0.619 


Coherent 


i 

1\ 

■ 

1! 

1! 

■ 

matrix 

1 

0.159 

-0.002 

-0.006  ■ 

0.179 

0.823 

-0.003 

-0.018 

0.0 

-0.01 

0.683 

-0.023 

-0.033 

-0.001 

0.003 

0.596 

Figure  3  Block  Diagram  ot  the  35  GHi  Radar  Frontend. 


Metallic  Tree  (Target  in  motion) 

Incoherent  Polaiiraetric  Measurement  Mode  (500  samples) 
Fast  Motion 


1 

0.089 

0.02 

0.03  ■ 

0.094 

0.74 

0.02 

0.001 

0.026 

0.011 

0.888 

0.105 

-0.028 

-0.007 

-0.126 

0.619  j 

:  Polarimetric  Measurement  Mode  (8000  samples) 

1 

0.06 

0.0 

0.0 

0.06 

1.16 

0.009 

0.004 

0.011 

0.002 

0.973 

-0.053 

0.008 

0.002 

0.049 

0.89 

Table  1.  Average  Mueller  matrices  of  ihododendron  and 

metallic  trees  measured  with  coherent  and  incoherent 
pt^arimetric  measurement  modes. 
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Figure  4  Ptobebilily  Deiuity  Function  Mennntcd  by  the  Coherent  Figure  8  Piobnbility  Dennity  Function  Computed  from  the  Average 

Poinnmetnc  bystem.  MueDer  Mstrix. 


DISCUSSION 


G.  Neininger,  Germany 

What  is  the  realized  cross  polarization  isolation? 

Author's  Reply 

I  am  not  sure  but  I  believe  that  it  is  listed  in  the  preprint  article. 

E.  Schweicher,  BE 

You  mentioned  (in  your  second  talk)  a  solid  state  design.  Does  that  mean  a  solid-state 
transmitter  and  in  that  case  what  kind  of  transistors  are  used  at  36  GHz  and  94  GHz? 

Author's  Reply 

The  presenter  did  not  know. 

G.  Brown,  US 

The  histograms  of  the  phase  differences  between  the  co-  and  cross  polarization  returns  for 
data  (from  real  and  metallic  trees)  were  relatively  narrow  in  spread.  What  range  bin  was  used  to 
generate  these  data  and  how  do  you  explain  the  rather  small  phase  difference  variance? 

Author's  Reply 

I  do  not  know  the  range  bin  used  in  the  phase  distribution  plots  since  I  did  not  work  on 
those  data.  However,  I  do  know  that  a  very  large  number  of  samples  were  used  in  the  preparation 
of  the  phase  statistics,  so  I  imagine  that  the  bin  was  rather  small. 


Polarimetric  Techniques  and  Measurements  at  95  and  226  GHz 
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Microwave  Remote  Sensing  Laboratory 
Amherst,  MA  01003,  U.S.A. 


Summarp 

The  University  of  Massachusetts  has  developed  two 
high-power  portable  polarimetric  radars  operating  at  95 
and  225  GHs.  The  95  GHz  coherent  polarimeter  is  config¬ 
ured  to  measure  the  complex  scattering  matrix  of  a  target 
by  transmitting  a  pair  of  orthogonally  polarized  pulses  in 
rapid  succession.  We  have  also  developed  a  noncoherent 
225  GHz  polarimetric  radar  which  directly  characterizes 
the  target  Mueller  matrix  by  transmitting  a  se<|uence  of 
four  or  six  polarization  states.  In  addition  to  reviewing 
the  radar  design  and  calibration,  this  paper  summarizes 
measurements  of  natural  and  man-made  objects  made 
to  date.  These  measurements  include  several  varieties  of 
trees,  terrain,  and  snowcover.  A  model  which  approxi¬ 
mates  the  Mueller  matrix  with  a  single  parameter  is  in¬ 
troduced  for  a  restricted  class  of  clutter  and  is  found  to 
accurately  predict  the  polarimetric  behavior  of  vegetation 
and  terrain  at  low  incidence  angles.  We  also  present  a  two 
parameter  approximation  of  the  Mueller  matrix  that  accu¬ 
rately  models  scattering  from  snowcover  at  large  incidence 
angles. 

/ntroduction 

The  ability  of  a  radar  to  classify  an  object  beyond 
simply  measuring  its  radar  cross-section  and  velocity  can 
be  enhanced  through  knowledge  of  how  the  target  modi¬ 
fies  the  polarization  state  of  the  incident  electromagnetic 
wave.  Simple  geometric  structures  such  as  plane  reflectors 
and  spheres  have  well  known  scattering  properties  that 
modify  the  incident  polarization  in  a  predictable  manner. 


Distributed  targets,  such  as  foliage  and  terrain,  will  trans¬ 
form  the  incident  polarization  in  a  random  fashion  and 
are  usually  characterized  in  terms  of  the  target  Mueller 
matrix,  £  (or  Stokes  scattering  operator,  M),  which  de¬ 
scribes  the  time  or  ensemble  averaged  scattering  behavior 
of  a  target.  The  Mueller  matrix  is  often  measured  indi¬ 
rectly,  by  first  measuring  the  instantaneous  complex  scat¬ 
tering  matrix,  S,  from  which  the  Mueller  matrix  may  be 
found  [ij.  The  95  GHz  radar  operates  in  this  way.  The 
225  GHz  radar,  while  not  capable  of  measuring  the  com¬ 
plex  scattering  matrix,  S,  uses  a  noncoherent  technique  to 
directly  measure  the  Mueller  matrix.  Both  measurement 
techniques  are  described  below. 

Coherent  95  GHx  Potarimeter 

The  95  GHz  polarimeter  consists  of  a  single  box, 
dual  antenna  radar,  a  Polarimetric  RAdar  Control  and 
Data  Acquisition  system  (PRACDA),  and  a  data  log¬ 
ging/display  computer.  A  block  diagram  of  the  95  GHz 
polarimetric  radar,  designed  and  fabricated  by  the  Uni¬ 
versity  of  Massachusetts  Microwave  Remote  Sensing  Lab¬ 
oratory,  is  shown  in  Figure  1.  The  system  consists  of  a 
multiplied  reference  oscillator  at  93.6  GHz,  which  acts 
as  both  receiver  local  oscillator  and  driver  for  the  trans¬ 
mitter  amplifier  chain.  The  transmitter  amplifier  consists 
of  a  solid-state  injection  locked  amplifier,  followed  by  an 
Extended  Interaction  klystron  Amplifier  (EIA),  manufac¬ 
tured  by  Varian,  Canada.  Alternate  transmission  of  verti¬ 
cally  and  horizontally  polarized  95  GHz  pulses  is  achieved 
with  a  waveguide  ferrite  switch.  An  orthomode  transducer 


Figure  1  95  GHz  polarimetric  radar  block  diagram. 
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ia  used  to  separate  the  horizontally  and  vertically  polar¬ 
ized  components  of  the  scattered  signal,  which  is  downcon- 
verted  to  1.32  GHz  using  single-balanced  mixers  employ¬ 
ing  Schottky-barrier  beam  lead  diodes.  The  signal  is  then 
amplified  and  downconverted  again  to  120  MHz  where  the 
signal  IB  divided  for  separate  amplitude  and  phase  detec¬ 
tion.  A  log  amplifier/detector  is  employed  in  the  ampli¬ 
tude  channels,  providing  a  dynamic  range  of  80  dB.  The 
phase  detector  b  preceded  by  a  constant  phase  limiter, 
which  maintains  nearly  constant  phase  over  a  dynamic 
range  of  70  dB. 

Coherent  Meaturement  Technique 

Measurement  of  the  complex  scattering  matrix,  S, 
is  achieved  by  alternately  transmitting  horizontally  and 
vertically  polarized  waves  in  rapid  succession,  i.e..  fast 
enough  to  freeze  motion  in  the  target.  Element'-  of  *he 
first  column  of  the  scattering  matrix  S^h  sod  5„/i  are  mea¬ 
sured  during  the  first  pulse  period  (horizontal  transmit) 
while  5av  u>d  Sw  are  measured  during  the  second  (ver¬ 
tical  transmit).  For  a  typical  measurement,  several  hun¬ 
dred  scattering  matrices  are  measured,  each  representing 
a  particular  realization  of  the  target.  Since  the  complex 
scattering  matrix  can  only  characterize  fully  polarized  tar¬ 
gets  (i.e.,  a  single  realization  of  a  fading  target  or  a  hard 
target  from  a  particular  aspect  angle)  it  is  necessary  to 
convert  the  individual  scattering  matrices  to  Mueller  ma¬ 
trices,  which  may  be  averaged.  While  the  Mueller  matrix 
ia  not  a  complete  description  of  the  target  (it  contains  nei¬ 
ther  Doppler  information,  nor  higher  order  momenta)  it  is 
useful  in  describing  the  average  polarization  transforma¬ 
tion  behavior  of  a  target. 

Noncoherent  Poiarimetrie  Methodology 

The  polarization  state  of  a  TEM  wave  traveling  in 
the  -t-z  direction  can  be  described  in  terms  of  the  ellipse 
traced  out  by  the  electric  field  vector  at  the  point  z  =  zq, 
as  shown  in  Figure  2.  The  ellipse  parameters,  d  and  r, 
completely  specify  the  polarization  state  of  the  wave  and 
are  expressed  in  terms  of  electric  field  quantities  by  |2|: 


1  .  , 
-»m- 

/2|V|  \H\s\n6\ 

\  +  / 

U) 

-  tan  ”  * 
2 

(2\V\  |H|cos«\ 

V  |R|»  -  jVP  ) 

(2) 

V 


F  re  2  Ellipse  parameters  d  (orientation)  and 
r  (elliptkity). 


where  |V|  and  [HI  represent  the  magnitude  of  the  elec¬ 
tric  field  in  the  vertical  and  horizontal  planes,  and  6  is 
the  phase  difference  between  the  vertical  and  horizontal 
field  components.  Waves  having  a  right-hand  polarization 
sense  are  represented  by  r  >  0.  Wave  polarization  can  also 
be  described  by  the  Stokes  vector  (2); 


■ffo' 

9i 

(|Hp-|Vp) 

92 

{2\V\  \H\cosS) 

■  93- 

.(2|V|  |H|sin«). 

where  the  (■)  brackets  indicate  temporal  or  spatial  av¬ 
eraging.  The  relationship  between  the  Stokes  vectors  of 
the  incident  and  scattered  fields  is  characterized  by  the 
Mueller  matrix,  C  [4,5).  The  Stokes  vector,  r,  of  the  scat¬ 
tered  field,  corresponding  to  the  incident  Stokes  vector,  g, 
ia  given  by 


r  =  Tg.  (4) 

For  the  measurements  reported  in  this  paper,  a  tech¬ 
nique  is  used  to  determine  the  Mueller  matrix  of  various 
natural  targets  by  sequentially  transmitting  six  different 
polarization  states  [3{.  The  Mueller  matrix  ia  obtained 
from  the  six  transmitted  Stokes  vectors,  gi,  (t  =  1  to  6), 
and  the  corresponding  scattered  Stokes  vectors,  r^,  accord¬ 
ing  to: 


£  =  [(GG’’)-‘GR*']’’ 
where  G  and  R  are  given  by 
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The  first  column  of  G  and  R  corresponds  to  the  incident 
and  scattered  Stokes  vector,  respectively,  when  the  trans¬ 
mitted  field  is  vertically  polarized  (^  =  90°  ;r  =  0°).  The 
remaining  columns  correspond  to  incident  and  scattered 
Stokes  vectors  when  transmitting  horizontal  {d  =  0°-,t  = 
0°);  positive  45°  linear  (^  =  45°;  r  =  0°);  minus  45°  lin¬ 
ear  (d  =  -45°;  r  =  0°);  right-hand  circular  [d  arbitrary, 

T  —  45°);  and  left-hand  circular  (d  arbitrary;  r  =  -45°) 
polarized  waves,  respectively. 

Once  the  Mueller  matrix  is  known,  it  is  often  useful 
to  compute  the  response  of  a  target  using  an  arbitrary 
combination  of  transmit  and  receive  antennas.  The  power 
received,  Prcc<  by  an  antenna  whose  polarization  state  is 
specified  by  the  Stokes  vector  gn,  depends  on  the  Stokes 
scattering  operator,  M,  and  the  Stokes  vector  of  the  trans¬ 
mit  antenna,  gtr,  according  to  [1,4,5]: 


Free  —  **r.Mg,r  (6) 

where  k  accounts  for  propagation  effects  between  the  radar 
and  the  target,  and  g^  is  the  transpose  of  g.  The  Stokes 
scattering  operator  b  related  to  the  Mueller  matrix  by 
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M  = 


1 

0 

0 

.0 


0 

1 

0 
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0 

0 

1 

0 


(7) 


The  Stokes  scattering  operator  for  reciprocal  media 
is  symmetric  [5],  However,  the  Stokes  scattering  opera¬ 
tor  found  using  (5)  and  (7)  will  not  be  exactly  symmetric 
due  to  residual  calibration  errors  in  the  radar  and  natural 
statistical  variability.  Specifically,  for  the  data  presented 
below,  the  received  Stokes  vectors  were  measured  sequen¬ 
tially,  so  the  scattered  fields  result  from  different  sets  of 
target  realizations.  Secondly,  Stokes  vectors  are  computed 
by  incoherently  summing  a  finite  number  of  instantaneous 
reaiizations.  Therefore,  measured  values  will  converge 
to  the  true  value  of  rj  as  N~'^,  where  N  is  the  number 
of  independent  samples.  Furthermore,  (S)  will  provide  a 
good  estimate  of  C  only  if  the  scattered  Stokes  vectors  are 
stationary  (in  the  mean)  during  the  measurement  process. 


2S5  GHz  Polarimettr 

The  225  GHz  polarimeter  shown  in  Figure  3  con¬ 
sists  of  a  muitiple  polarization  transmitter,  a  dual  po¬ 
larization  receiver,  the  Polarimetric  RAdar  Control  and 
Data  Acquisition  (PRACDA)  subsystem  and  a  data  log¬ 
ging  computer  [6|.  Scalar  feed  lens  antennas  were  selected 
for  both  the  transmitter  and  receiver  to  minimize  side- 
lobe  levels  and  to  provide  low  cross-polarization  across 
the  main  beam.  During  polarimetric  measurements,  the 
transmitter's  multiple-polarization  lens  antenna  is  sequen¬ 
tially  switched  between  the  six  polarization  states  given 
in  (5).  The  magnitude  of  the  vertical  and  horizontal  com¬ 
ponents  of  the  scattered  wave  along  with  the  phase  dif¬ 
ference  between  these  components  is  measured  using  a 
dual  -polarization  receiver  for  each  transmit  state.  This 
provides  sufficient  information  to  determine  the  received 
Stokes  vector,  r,  using  (3). 


Caiibration 

Calibration  of  the  95  and  225  GHz  polarimeters  fol¬ 
lows  a  procedure  described  previously  by  Wood  [7|.  Wood’s 
technique  employs  four  in-scene  reflectors,  three  of  which 
scatter  waves  having  known  polarization  and  the  forth  be¬ 
ing  an  odd-bounce  reflector.  We  use  an  alternate  tech¬ 
nique  (6j,  that  is  equivalent  to  Wood’s  procedure,  whereby 
a  polarizing  grid  is  placed  in  front  of  the  receiver,  aliow- 
ing  the  three  polarized  targets  to  be  replaced  by  a  single 
odd-bounce  reflector.  The  calibration  procedure  removes 
the  effects  of  cross-coupling  between  vertical  and  hori¬ 
zontal  receiver  channels,  and  also  accounts  for  gain  and 
phase  imbalance  between  the  two  channels.  Once  the  re¬ 
ceiver  has  been  calibrated,  it  may  be  used  to  calibrate  the 
transmit  polarization  states  using  the  same  odd-bounce 
reflector. 

Properties  of  the  Mveller  Matrix  for  Natural  Surfaces 

For  backscattering  from  reciprocal  media  the  Mueller 
matrix  may  be  represented  by  up  to  nine  independent  pa¬ 
rameters  |4].  Measured  data  from  natural  surfaces  at  mi¬ 
crowave  |8)  and  millimeter-wave  frequencies  [9]  show  that 
there  is  no  appreciable  correlation  between  the  copolarized 
and  cross-polarized  return,  i.e.,  =  0,  where  Sij  is 

an  element  of  the  complex  scattering  matrix,  |5).  For  such 
targets,  the  Mueller  matriy  takes  the  form  |8j 


*  A  +  Bp  B 

B  A -Bp 
0  0 

0  0 


0  0 

0  0 

C  +  Bp  D 
-D  C-Bp. 


(8) 


TiAMBorm 


Figure  3  225  GHs  polarimeter  sjrstem  diagram. 
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where 


A-idSHHl’  +  ISwl*) 

(9) 

B=i{|SaaP-|'Svv|’) 

(10) 

Bo  =  (|5*„r) 

(11) 

C  =  (Re(5;*S„„)) 

(12) 

D  =  (/m(S;*S„.)). 

(13) 

In  (12)  and  (13),  Re(  )  signifies  the  real  part  of  the  operand 
and  /m(  )  signifies  the  imaginary  part  of  the  operand. 

Thus,  the  Mueller  matrix  may  be  characterized  by  five 
independent  parameters.  Radars  that  measure  only  co- 
and  cross-polarized  power  may  be  used  to  determine 
A,  B,  and  Bo  but  not  C  and  D.  Van  Zyl  [8|  classifies  tar¬ 
gets  in  terms  of  the  dominant  scattering  mechanism  as 
odd  bounce,  even  bounce,  or  diffuse  scattere:s.  For  targets 
where  (15**1),  (|5„„|)  >  (|5*u|),  the  following  classifications 
may  be  made: 

C  >  Bo'-  primarily  odd  bounce 
—C  >  Bo',  primarily  even  bounce 
IC|  <  Bo-  diffuse  scatterer. 


Pre itntation  and  Analysis  of  Measurements 


Figures  Sa  emd  5b,  where  histograms  of  the  scattered  field 
ellipse  parameters  <t>  and  r  are  shown  for  vertical  polariza¬ 
tion  incident  upon  the  target.  Note  that  the  distribution 
of  <!>  and  r  is  clustered  near  =  90°  and  r  =  0°  (vertical 
polarization)  for  the  Weeping  Willow  tree,  indicating  little 
depolarization  of  the  scattered  wave.  In  contrast,  the  dis¬ 
tribution  for  dry  sand  is  widely  dispersed  over  the  ^  —  r 
plane,  indicating  substantial  depolarization. 

Table  1  presents  polarimetric  data  for  the  Willow 
tree,  dry  and  wet  sand,  and  other  natural  targets  mea¬ 
sured  at  225  GHz.  For  comparison  purposes,  we  have 
listed  the  targets  in  Table  1  in  order  of  increasing  depo- 
luization  ratio.  The  depolarization  ratio,  x,  is  defined  as 
[10] 


X  = 


-  z«h. 


-i-ol 


where  the  normalized  radar  cross-section,  o,°y  =  {i5,j|*),  i 
refers  to  the  receiver  polarization,  j  the  transmitter  polar¬ 
ization. 

Normalized  riidar  cross-sections  0'°„  and  cr**  are  given 
in  the  second  and  third  columns.  The  fourth  and  fifth 
columns  list  measured  values  of  degree  of  polarization  for 
horizontal  and  vertical  transmit  polarizations.  The  de¬ 
gree  of  polarization,  P,  of  the  scattered  wave  is  defined 
in  terms  of  the  Stokes  parameters  of  the  scattered  waves 
according  to  [2{; 


The  data  presented  below  was  collected  during  an 
extensive  measurement  program  carried  out  in  Amherst, 
Massachusetts  during  1989-91.  Backscattering  was  mea¬ 
sured  from  a  variety  of  targets,  including  foliage,  terrain, 
and  snowcover.  Most  of  the  data  presented  below  was 
measured  at  225  GHz,  as  the  95  GHz  radar  became  op¬ 
erational  in  December,  1990.  However,  we  show  that  the 
models  developed  from  the  225  GHz  data  appear  to  be  ap¬ 
plicable  to  recent  data  collected  with  the  95  GHz  system. 

Copolarized  signatures  of  two  distributed  natural  tar¬ 
gets  are  shown  in  Figure  4.  These  signatures  are  com¬ 
puted  from  the  measured  Mueller  matrix  using  (5)  and 
assuming  gn  =  gir-  The  signature  of  a  highly  polarized 
scatterer  (Weeping  Willow  tree)  is  shown  in  Figure  4a  and 
of  a  highly  unpolarized  scatterer  (dry  sand)  is  shown  in 
Figure  4b.  The  pedestal  at  r  =  ±45°  indicates  that  the 
scattered  field  contains  significant  unpolarized  energy.  The 
depolarization  of  the  scattered  fields  is  more  easily  seen  in 


p  .  :AEI3±3  l,„ 

In  the  sixth  column  we  have  listed  the  average  degree  of 
polarization  of  the  four  linear  polarizations  used  in  mak¬ 
ing  the  Mueller  matrix  measurement  (vertical,  horizontal. 
+  45°,  and  -45°).  Similarly,  in  column  seven  we  have  tab¬ 
ulated  the  average  degree  of  polarization  of  the  scattered 
wave  for  left  and  right  hand  circular  transmit  polarization. 

All  measurements  presented  in  Table  1  were  based 
on  1000  data  points  per  polarization  state  using  the  mea¬ 
surement  technique  described  above.  The  number  of  imle- 
pendent  samples,  as  computed  from  the  e"'  point  of  the 
power  autocovariance  function,  was  greater  than  400  in  all 
cases.  All  measurements  were  made  with  an  illuminated 
footprint  diameter  on  the  order  of  1-5  m.  Additional  in¬ 
formation  on  these  measurements  can  be  found  in  |3j. 


Figure  4  Copolarized  signatures  for  Weeping  Wil'.ow  (left)  and  Dry  Sand  (right). 
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COLUMN: 

TARGET 

Weeping  Willow 

Arbor  Vitae 

Red  Maple 

American  Elm 

Norway  Maple 

Silver  Maple 

Short  Graea 

(30*  -  50*  Incidence) 

White  Pine 

Snowcover 
(^*  Incidence) 

Wet  Sand 
(26*  Incidence) 

Snowcover 
(80*  hicid«Ke) 

Snowcover 
(65*  Incidence) 

Dry  Sand 
(38*  Incidence) 


(•) 

Figure  5  Scattered  wave  ellipse  parameter  histogram  for  Weeping  Willow  (left)  and 
Dry  Sand  (right)  for  vertical  transmit  polarization. 


Table  1.  Summary  of  various  polarimetric  quantities  for  a  variety  of  natural 
distributed  targets  listed  in  order  of  increasing  depolarization  ratio. 


1 

2 

3 

4 

5 

6 

7 

DEPOLARIZATION 
RATIO  (dB) 

<rJ*(dBm*) 

»:.(dBm») 

DEGREE  OF  POLARIZATION 

HORIZONTAL  VERTICAL  (  LINEAR ) 

{  CIRCULAR  ) 

-12.8 

-4.1 

-4.3 

91 

.88 

89 

.80 

-12.1 

-9.2 

-9  1 

87 

.87 

.87 

.74 

-11.0 

-2  4 

-2.3 

.88 

.87 

.86 

78 

-10.4 

-5  4 

-5.6 

.88 

.82 

.84 

.71 

-9.4 

-4.5 

-4.8 

.81 

.80 

.81 

.66 

-9.3 

-2.8 

-3.0 

.81 

.75 

.78 

.58 

-8.9 

-88 

-8.5 

.67 

.81 

.75 

.54 

-8.3 

•5.9 

-8.3 

.78 

.74 

.77 

.57 

-7.8 

-3.1 

-3.1 

.67 

.69 

.67 

.46 

-7  3 

-85 

-7.2 

.65 

.79 

.66 

.40 

-8.5 

-21  0 

-16.3 

39 

.75 

.61 

43 

-4.7 

-5.9 

-4.4 

45 

55 

51 

13 

-4  4 

-0.2 

6.3 

43 

44 

.42 

10 
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Decree  of  PotariaUion  for  Ttangmiation  of  Linear  Polariza- 
tiona 

The  degree  of  polarization  shown  in  Table  1  for  the 
average  of  the  four  linear  transmit  polarizations  is  seen  to 
decrease  with  increasing  x-  This  trend  can  be  explained 
as  follows.  Substitution  of  the  Mueller  matrix  for  natural 
surfaces  (8)  and  the  Stokes  vector  of  a  horizontally  polar¬ 
ized  transmit  field  into  (4)  results  in  an  expression  for  the 
scattered  field  Stokes  vector,  ra-  Using  (14),  the  degree  of 
polarization,  /’a,  of  the  scattered  wave  is  given  as 


\A  —  Bo  +  B\ 
A  +  Bo  +  B 


(15) 


For  a  vertically  polarized  transmit  field,  the  scattered 
wave  degree  of  polarization,  P^,  is  found  to  be; 


=  -  -Bo  -  -Bl 

A  -i-  Bo  ~  B 


(16) 


Measurements  of  all  of  those  targets  listed  in  Table  1  show 
that  the  degree  of  polarization  for  :t45°  linear  transmit 
polarizations  is  nearly  equal  to  the  average  of  (15)  and 
(16).  Solving  (15)  and  (16)  for  the  average  of  horizontal 
and  vertical  degree  of  polarization  gives; 


"  (4  +  Bo)’  -  B’' 

Where  “linear”  denotes  the  average  of  the  four  linear  )>•>- 
larizations,  vertical,  horizontal,  4-4.5’  and  -4.5  I'ividing 
the  numerator  and  denominator  of  (17)  by  and  noting 
from  (9)  and  (11)  that  \  =  Bo; A  leads  to; 


(i  +  x)»-,f)* 


The  ratio  BfA  is  obtained  from  (9)  and  (10); 


(18) 


B  ^  (|5aa|»)  -  (|5„„p)  ^ 

A  {|5aa|»)  +  {|S„„p>  -f 

Our  measurements  show  that  the  ratio  of  o^^  to  o°„  is 
within  ±1.5  dB  for  vegetation  and  for  terrain  at  incidence 
angles  below  50°  (measured  off  nadir).  Thus,  the  sum  of 
and  is  much  greater  than  their  difference  for  all 
of  the  targets  in  Table  1.  Consequently,  (B/A)^  can  be 
neglected  and  (18)  simplifies  to; 

Bitnear  ~  •  (f^) 

1  +  X 

Equation  (19)  is  plotted  in  Figure  6  along  with  measured 
values  of  the  average  linear  degree  of  polarization  from 
Table  1. 

The  quantity  C  in  (8)  strongly  affects  the  degree  of 
polarization  of  both  ±45°  linear  and  circular  polarizations. 
C/A  can  also  be  expressed  in  terms  of  x  using  the  follow¬ 
ing  argument.  The  degree  of  polarization  for  transmission 
of  ±45°  linear  polarizations,  ,  is  given  by; 


B±4S"  = 


+  (C  +  Bq)^  +  pi 
A  +  Bo 


Our  data  indicate  that  for  those  targets  for  which  (19)  is 
valid,  the  distribution  of  arg(5*s)  '  arg{'?i-v)  has  a  mean 
value  near  zero,  thus,  (13)  implies  that  D  will  be  small. 


DEPOLARIZATION  RATIO  (OB) 

Figure  6  Scattered  wave  degree  of  polarisation  for  the  average  of  four  linear  polar- 
izatkms  (V,H,±45°)  for  various  nature  targets.  Equation  (19)  shown  for 
comparbon. 
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For  and  <<  (C  +  Bo)^,  equating  (20)  to  (19)  yields; 

C 

C  =  A-2Bo  or  --  =  1  -  2x.  (21) 

A 

All  natural  targets  measured  to  date  have  resulted 
in  positive  values  of  C,  indicating  either  odd-bounce  »r 
diffuse  scattering  [8|.  If  we  require  C  to  be  positive,  then 
(19)  and  (21)  are  valid  for  x  <  0.5. 


Single  Parameter  Approximation  oj  the  Normalized  Mueller 
Matrix 

While  the  degree  of  polarization  of  much  of  our  225 
GHz  data  may  be  described  by  a  single  parameter,  x,  we 
emphasize  that  this  data  represents  a  limited,  but  impor¬ 
tant,  clrms  of  natural  targets.  From  the  above  discussion, 
the  normalized  Mueller  matrix  for  these  targets  can  be  ex¬ 
pressed  as: 


Degree  of  Polarization  for  Transmission  of  Circular  Polar¬ 
izations 

The  degree  of  polarization  for  left  and  right  hand  cir¬ 
cular  transmit  polarization.  Pep,  is  given  by. 


1  -I-  X  0  0  0  ■ 

^  0  1-x  0  0 

\+X  0  0  1-x  0 

L  0  0  0  1  -  3v . 


(24) 


y/B^  +  D^  +  (Bo  -  C)^ 
A  -f  Bp 


Applying  (21)  with  the  additional  condition  that  B^  and 
<<  (Bp  -  C)^,  leads  to: 


1-^x 


(23) 


valid  for  x  <  0.5. 

The  simplified  Mueller  matrix  in  (24)  appears  to  be 
a  good  approximation  for  225  GHz  foliage  measurements 
as  well  as  terrain  measurements  at  low  incidence  angles. 

In  Figure  8a  we  present  measured  copolarized  and  de¬ 
gree  of  polarization  signatures  at  225  GHz  for  the  White 
Pine  from  Table  1.  Figure  8b  presents  similar  signatures 
computed  using  C^.  A  similar  comparison  for  White  Pine 
measurements  at  95  GHz  is  shown  in  Figures  8c  and  8d. 


The  circular  degree  of  polarization  listed  in  Table  1,  repre¬ 
senting  the  average  of  left  and  'ight  hand  cir.  dai  iransmit 
polarization,  is  plotted  with  (23)  in  Figure  7.  The  scat¬ 
tered  wave  polarization  sense  is  opposite  from  that  of  the 
incident  wave  for  values  of  x  <  1/3  (-4.33  dB),  and  is  like- 
sense  for  X  >  1/3.  For  x  values  near  1/3  the  condition 
that  B’  and  <<  (Bn  -  C)’  will  no  longer  hold,  indicat¬ 
ing  that  Pep  will  be  slightly  greater  than  zero  for  x  =  1/3. 


Scattering  from  Snowcover  at  Large  Incidence  Angles 

Although  most  of  the  targets  given  in  Table  1  are 
modeled  accurately  using  (24),  it  is  clear  that  the  snow- 
cover  data  at  65°  and  80°  departs  from  this  description. 
One  approach  to  modelling  the  Mueller  matrix  for  these 
surfaces  is  to  carry  through  a  similar  derivation  without 
setting  B  =  0.  However,  the  measured  Mueller  matrix 
shows  that  P±4s-  does  not  equal  the  average  of  and 


DEPOLARIZATION  RATIO  (  d  B  ) 

Figure  7  Scattered  wave  degree  of  polarization  for  the  average  of  left  and  right  hand 
circular  polarization  for  various  natural  targets.  Equation  (23)  shown  for 
comparison. 


29-8 


(^)  (d) 


Figure  8  Copoiarized  signatures  for  White  Pine;  (a)  measured  signature  at  225  GHz; 

(b)  225  GHz  signature  computed  from  (c)  measured  signature  at  95 
GHz;  (d)  95  GHz  signature  computed  from  C)^. 


Pk  when  B  is  large.  Instead,  P±<5«  is  biased  towards  P„ 
if  This  bias  suggests  computing  P±45”  using  a 

power  weighted  average  of  P„  and  P/,,  i.e.. 


P±*i' 


Puggy  ^  PhOlk 


(25) 


Although  this  expression  gives  excellent  agreement 
with  measured  data,  it  leads  to  a  fairly  complicated  ex¬ 
pression  for  the  Mueller  matrix,  in  terms  of  two  parame¬ 
ters,  X  'fd  '1-  Another  draw  back  to  this  approach  is  that 
there  is  no  obvious  theoretical  basis  for  (25).  Therefore, 
we  sought  a  physical-based  model  to  achieve  similar  agree¬ 
ment  with  the  measured  data. 


One  straightforward  scattering  model  for  snowcover  is 
shown  in  Figure  9,  where  we  consider  two  separate  effects: 
transmission  through  the  air-snow  interface  and  volume 
scattering  within  the  snow  layer.  In  general,  the  transmis¬ 
sion  coefficient  for  the  vertically  polarized  field,  f„ia,  will 
be  different  than  the  transmission  coefficient  for  the  hori¬ 
zontally  polarized  filed,  tan.  The  normalized  transmissiv¬ 
ity  matrix  for  the  air-snow  interface,  relating  the  incident 
and  transmitted  Stokes  vectors  is  given  by  (4) 


T 


0 

0 


0 

0 


0 

0 

P<(Gi2faij) 

/m(<„|  jtJij) 


0 

0 

-/m(t„,jfJ,,) 
^*{foi2faij)  - 


(26) 


For  this  model  we  assume  that  (yn  and  txia  are  in  phase, 
thus  and  Ta,4,3  will  equal  zero. 

Volume  scattering  is  thought  to  be  the  dominant  scat¬ 
tering  mechanism  in  snowcover  |10{.  The  random  nature 
of  the  snow  suggests  that  scattering  within  the  volume 
should  be  independent  of  orientation  angle,  <i>.  This  im¬ 
plies  that  (24)  is  a  reasonable  choice  to  model  scattering 
within  the  volume.  Combining  the  effects  of  the  surface 
and  volume,  the  total  normalized  Mueller  matrix  for  the 
snowcover  is  given  by: 

where  T,.  is  of  the  form  of  T..  with  (i]|  substituted 
for  tzi3,  and  x  refers  to  the  depolarization  ratio  within  the 
volume.  Dividing  by  taia  and  T„  by  (f,ai  <md  notmg 
that  for  linear,  isotropic  media,  f„ij/tai2  =  tuzi/Uzii  fhe 
total  Mueller  matrix  may  be  written  as 

^  QZp  (27) 

where  To  is  given  by 

■  1  +  a’  1  -  a’  0  0  ■ 

_  1-a’  1-1- a’  0  0 

“  0  0  2a  0 

0  0  0  2a. 

and  a  =  (vis/fais-  Simplifying  (27)  yields  an  expression 
in  terms  of  t„i2,  (ai3,  and  x.  By  equating  (27)  to  (8),  the 
following  relationships  are  found: 


t*  - 

‘an  - 


A  +  B 


— 


A- B 


Bo 


2 


2 
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AIR  (Region  1) _ 

SNOWCOVER  (Region  2) 


e  =  Incidence  angle 


POURIZATION  DEPENDENT 
^  TRANSMISSIVITY 


ORIENTATION  INDEPENDENT 
VOLUME  SCATTERER 


Figure  9  Snowcover  model  including  the  effects  of  surface  transmissivity  and  orien¬ 
tation  independent  volume  scattering. 


Using  the  relationships  given  above,  the  total  normalized 
Mueller  matrix  for  the  snowcover  is 


-lotal 


I 

rr^ 


1  +  X 
o 
0 
0 


->  0 

1  -  X 

0  S  1  -  -i^  X 
(1  0 


0 

(I 

o 


■?x 


(28) 


Note  that  (28)  does  not  require  any  knowledge  of  the  trans¬ 
mission  coefficients  used  in  deriving  this  model.  Bather, 
the  effect  of  unequal  transmission  of  the  vertical  and  hor¬ 
izontal  fields  is  accounted  for  by  "y,  which  may  be  derived 
from  and 

In  Figures  10a  through  lOd  we  compare  copolarized 
and  degree  of  polarization  signatures  for  snowcover  mea¬ 
sured  at  80°  incidence,  showing  excellent  agreement  be¬ 
tween  the  experimental  and  modeled  response  at  225  GHz. 
F’reliminary  measurements  at  95  GHz  show  similar  agree¬ 
ment  between  the  measured  Mueller  matrix  and  (28). 

L'onc/usions 

The  normalized  Mueller  matrices  of  those  tree  species 
listed  in  Table  1  have  been  shown  to  be  closely  predicted 
as  a  function  of  a  single  parameter,  In  addition,  backscat- 
ter  from  (short)  grass  covered  terrain  for  incidence  an¬ 
gles  between  30°  and  .50°,  snowcover  at  40°  incidence, 
and  wet  and  dry  sand  surfaces  at  26°  incidence  is  arc  also 
modeled  accurately  by  \  .  All  of  these  targets  satisfy  the 
the  three  conditions  leading  to  (24):  (1)  and  are 
nearly  equal,  (2)  the  scattered  wave  degree  of  polariza¬ 
tion  when  transmitting  r  45  linear  polarization  is  nearly 
equal  to  the  average  of  vertical  and  horizontal  transmit 
polarization,  and  (3)  the  mean  value  of  the  distribution  of 
arg(.Sa)  arg(.9„,,)  is  close  to  zero. 

For  nnowcover  at  incidence  angles  greater  than  50°, 
we  have  shown  that  the  normalized  Mueller  matrix  ran  be 
i.ndeled  using  two  parameters,  x  ®Dd  q,  both  of  wh  ch 
depend  solely  on  co  and  cross  polarized  rada  cross- 
sections.  It  seems  likely  that  clutter  requiring  the  more 
general  form  of  £  (both  B  and  D  non- negligible)  will  be 
enro.intered  at  these  short  wavelengths.  However,  the  sig¬ 
nificant  variety  of  targets  presented  above  indicates  that 
there  exist-:  a  class  of  scatterers  suitable  to  a  more  simpli¬ 
fied  d,-srription. 
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Figure  10  Copolarized  and  degree  of  polarization  signatures  for  snowcover  at  80°  in¬ 
cidence:  (a)  measured  copolarized  rignature  at  225  GHz;  (b)  225  GHz 
copolarized  signature  computed  from  £tot«i;  (c)  measured  degree  of  polar¬ 
ization  signature  at  225  GHz;  (d)  225  GHz  degree  of  polarization  signature 

computed  from  £  total- 


DISCUSSION 


E.  Schweicher,  BE 

For  your  95  GHz  system  you  mentioned  a  NF  =  10  dB  for  the  receiver.  Does  this  receiver 
start  with  a  LNA  and  in  that  case  what  kind  of  LNA?  Same  question  for  the  225  GHz  system. 


Author's  Reply 

Both  receivers  have  mixer  inputs  -  do  not  use  an  LNA  (low  noise  amplifier). 
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Summary 


2.  Description  of  the  Radar  System 


This  paper  describes  a  95-GHz  polarimet- 
ric  monopulse  instrumentation  radar  and 
selected  scattering  measurement  results  for  an 
armored  vehicle,  me  rsKlar  Is  all-solid-state, 
coherent,  frequency  steppable  over  a  640-MHz 
bandwidth,  and  completely  polarimetric  for  line¬ 
arly  or  circularly  polarized  radiation.  Details  of 
the  methods  used  to  perform  the  amplitude  and 
phase  calibrations  and  the  effectiveness  of 
polarization  distortion  matrix  corrections  are 
Included  in  the  paper.  Measurements  made  with 
the  radar  of  various  vehicles  on  a  turntable  have 
allowed  quasi-three-dimensional  polarimetric 
ISAR  images  of  the  targets  to  be  generated. 
Sample  images  for  an  infantry  coiroat  vehicle 
are  presented  together  with  high-resolution 
range  profiles  of  the  target  for  all  monopulse 
channels. 


1.  Introduction 


Sensor  systems  operating  at  about  95 
GHz  are  being  investigated  for  use  in  smart 
munitions  designed  to  defeat  armored  vehicles.' 
Specific  radar  scattering  properties  of  these  tar¬ 
gets  frequently  are  required  ror  evaluating  the 
rerformance  of  a  sensor  system,  in  this  paper  a 
do-GHz  polarimetric  nwnopulse  instrumentation 
radar  is  described  that  is  capable  of  acquiring 
the  required  target  signature  data. 


Measurements  have  been  made  for  sev¬ 
eral  vehicles  with  the  radar  located  on  the  US 
Army  Missile  Command  (MICOM)  l00-m  tower 
at  Redstone  Arsenal,  AL,  and  the  target 
mounted  on  a  tillable  turntable.  Data  were  col¬ 
lected  for  various  radar  depression  angles  and 
target  azimuth  angles  to  allow  computation  of 
ra&r  cross  section  (RCS)  polar  plots,  high- 
resolution  range  (HRR)  profiles  for  the  two-angle 
monopulse  sum  and  dmerence  channels,  and 
inverse  synthetic  aperture  (ISAR)  images  for  the 
monopulse  channels. 


Section  2  of  this  report  describes  the 
basic  characteristics  of  the  radar  and  Section  3 
contains  a  discussion  of  the  procedure  used  for 
calliration  of  the  radar.  Some  sample  target 
signatures  obtained  for  an  intantry  combat 
vOTide  are  given  in  Section  4  to  demonstrate 
the  radar's  cafMbilities.  Conclusions  reached 
regarding  the  radar  system,  the  caittxation  pro- 
cetkjres,  and  the  scattering  measurements  are 
contained  in  Section  5. 


The  radar  described  in  this  paper  was 
designed  for  obtaining  95-GHz  target  signature 
data  of  ground-basecTtargets  with  the  radar 
located  on  a  tower  and  with  computer-controlled 
operation  from  a  remote  ground  station.  Fig.  1 
snows  the  radar  head  and  pedestal.  A  video 
cf^era  that  is  boresighted  with  the  radar  and  a 
metallic  cover  for  the  system  are  not  shown  in 
tfie  photograph  to  allow  a  view  of  the  radar  hard¬ 
ware.  The  radar  head  is  covered  during  opera¬ 
tion,  if  needed,  to  allow  it  to  be  air-conditioned 
for  temperature  control.  Data  recording  and 
control  of  the  tower-mounted  radar  are  per¬ 
formed  at  a  ground  station  located  in  an  1 1  -m- 
long  semi-trailer.  Data  from  the  target  platform 
also  are  recorded  at  that  location. 

The  basic  characteristics  of  the  radar  are 
summarized  in  Table  1 .  The  radar  is  a  com¬ 
pletely  polarimetric  two-coordinate  ampiitude- 
comparison  monopulse  system.  It  is  a  coherent, 

Siulsed  radar  that  operates  in  a 
requency-stepped  mode  between  95.00  and 
95.64  GHz.  The  frequency-step  size  can  be 
selected  to  be  1 , 2, 5, 1 0,  or  20  MHz,  and  the 
radar  pulse  repetition  frequency  (PRF)  is  also 
selectable  to  be  1 , 2, 5,  or  1 0  kHz.  The  system 
was  (derated  with  64 10-MHz  steps  and  a  trans¬ 
mit  PRF  of  10  kHz  for  the  measurements 
reported  here.  The  peak  power  of  the 
alFsolid-state  transmitter  is  45  W,  the  pulse 
width  is  100  ns,  and  there  is  one  adjustable 
range  gate. 

Either  circularly  or  linearly  polarized  radi¬ 
ation  can  be  transmitted  by  the  radar  according 
to  which  mode  of  operation  is  selected.  For 
example,  one  pulse  with  either  right-hand  circu¬ 
lar  polarization  (RHCP)  or  left-hand  circular 
polarization  (LHCP)  may  be  transmitted  and 
Dotti  senses  of  polarization  can  be  received. 

The  polarization  of  succeeding  pulses  may  be 
right-  or  left-circular  depending  on  the  transmit 
format  selected.  A  similar  mode  of  operation  is 
possible  with  horizontal  (H)  and  vertical  (V) 
pote^zation. 

The  radar  has  a  lens  antenna  that  can  be 
easily  removed  and  replaced  with  another  hav¬ 
ing  a  different  diameter.  For  a  specif  measure¬ 
ment  scenario  a  lens  with  a  diameter  between 
3.8  and  15.2  cm  may  be  selected  from  six 
available  lenses.  The  one-way  3-dB  beam- 
widths  of  these  lenses  range  between  about  1 .5 
and  5.2  deg. 

A  simplified  scherraitic  diagram  of  the 
radar  circuit  is  shown  in  Fig.  2.  It  is  seen  in  the 
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figure  that  the  transmitter  output  is  routed  via  the 
switchable  drculator  into  either  the  H-channel  or 
the  V-channel  monopulse  comparator  and  then 
to  the  lens  via  a  multi-mode  feed  horn.  A  wire- 
grid  diplexer  is  pia<c»d  between  the  feed  horns 
and  the  lens  for  proper  routing  of  the  radiation. 
The  quarter-wave-plate  (QWP)  between  the 
diplexer  and  the  lens  may  be  Signed  to  maintain 
the  originai  incident  linear  polarization,  or  it  may 
be  rotated  to  convert  the  relation  of  one  chan¬ 
nel  to  RHCP  and  the  other  to  LHCP.  If  the  QWP 
is  oriented  for  the  linear  polarization  mode,  the 
vertical  and  horizontal  components  of  reflected 
radiation  are  diplexed  into  me  V-  and  H-  channel 
comparators,  respectively,  and  the  resulting 
sum,  elevation  dinerence,  and  azimuth  differ¬ 
ence  signal  may  be  detected  for  each  polariza¬ 
tion.  If  the  QWP  is  oriented  for  the  circular 
polarization  mode,  the  sum  and  difference 
signals  for  the  RHCP  and  LHCP  components  of 
the  reflected  radiation  are  similariy  detected. 

The  oscillator  source  for  the  six  sum  and 
difference  channel  mixers  is  frequency  stepped 
synchronously  with  the  transmitter  source  and 
maintains  a  constant  offset  of  3  GHz. 

The  radar  Data  Acquisition  System  (DAS) 
has  six  l/Q  detectors  for  the  monopulse  sum  and 
difference  signals.  The  relative  phase  of  the  two 
sum  channels  and  their  log  amplitudes  also  are 
processed  in  the  DAS.  For  each  transmitted 
pulse  the  signals  received  in  each  of  the  16 
channels  are  sampled,  multiplexed,  and  digitized 
by  two  12-bit  A/D's.  The  multipiexed  data  are 
transmitted  from  the  radar  via  a  fiber-optic  data 
link  to  the  remote  computer  control/recording 
system.  The  latter  is  a  PC  that  includes  an 
80386  20-MHz  processor,  4  Mbytes  of  memory, 
and  two  300-Mbyte  disc  drives.  Data  are 
archived  on  150-Mbyte,  streaming  112.5-Kbyte/s 
cassette  tapes.  Although  the  custom  interface 
to  the  radar  DAS  has  a  240-Kbyte/s  capability, 
the  limit  on  the  recordirra  rate  reduces  the  maxi¬ 
mum  data  rate  to  120  Koytes/s. 

The  radar  is  mounted  on  a  pedestal  that 
can  be  computer  controlled  locally  or  from  a 
remote  station  to  scan  tiie  radar  or  to  orient  it  to 
a  fixed  position.  The  pedestal  is  an  elevation- 
over-azimuth  type  with  0.01 -deg  pointing  accu¬ 
racy.  It  has  scanning  rates  that  can  be  selected 
to  be  between  0.1  and  10  deg/s. 

As  indicated  above,  a  video  camera  is 
mounted  on  the  radar  head,  and  it  can  be  bore- 
sighted  with  the  radar  to  video  record  the  target 
whose  signature  is  being  measured. 


3.  Radar  Calibration  Prooedures 

The  radar  calibration  procedure  is  very 
oompiicaled  due  to  the  number  and  types  of 
data  channel.  The  procedure  cm  be  broken  up 
into  three  d«BtitK:t  sections:  the  am(tiitude  cali¬ 
bration  for  the  log  receiver  in  the  sum-ch«ineis, 
the  sum-channeTrelative  polarimetilc  phase 
citiiiiKation,  and  coherent  sum  and  (tifrerence 
channeto  dtilbration.  Some  preNmlnary  calibra¬ 
tions  were  done  in  the  laboritiory  before  the 


radar  was  taken  to  the  field  measurement  site  at 
Redstone  Arsenal,  and  a  series  of  pre¬ 
measurement  checks  and  calibrations  were 
done  at  the  field  test  site.  Only  the  basic 
features  of  these  checks  and  calibrations  are 
given  here  since  many  are  well-known  procedu¬ 
res.^  These  include  taking  proper  account  of 
gain  imbalances  in  l/Q  detectors  and  nonlinear 
responses  in  detectors  and  amplifiers. 

The  radar  calibrations  at  the  field  mea¬ 
surement  site  were  performed  using  the  reflec¬ 
tors  listed  in  the  calibration  target  array  of  Table 
2.  The  range  of  each  reflector  to  the  radar  and 
its  RCS  were  chosen  so  that  the  signal  levels 
from  reflectors  1 , 2,  and  4  were  approximately 
equal  and  in  the  linear  range  of  the  receivers 
(about  6  dB  below  A/D  saturation).  The  log 
receivers  were  calibrated  using  reflectors  2  and 
4.  Reflector  3  was  used  for  cSibrating  the  rela¬ 
tive  polarimetric  phase  channel  and  for  deter¬ 
mining  a  sign  in  the  polarization  distortion  matrix 
(RDM)  calibration  described  below. 

The  dynamic  range  of  the  system  was 
more  than  adequate  to  insure  that  the  maximum 
signal  levels  from  the  target  were  below  the 
saturation  level  of  the  detectors  and  the  amplifi¬ 
ers  were  well  above  the  noise  level  of  the  sys¬ 
tem.  The  dynamic  range  was  about  66  dB  for 
the  linear  channels  and  about  72  dB  for  the  log 
channels.  Stabili^  checks  were  made  periodi¬ 
cally,  and  corrections  were  made  for  the  minimal 
drifts  that  were  observed. 

Transfer  curves  for  the  log  receiver  in  each 
sum  channel  were  generated  in  the  laboratory 
using  a  3-GHz  source  to  simulate  the  IP  signal 
from  the  sum  channel  mixer  and  with  a  precision 
attenuator  to  vary  the  signal  level.  The  ampli¬ 
tude  calibrations  at  the  field  site  were  performed 
by  boresighting  the  radar  on  the  appropriate 
comer  reflector  and  varying  the  precision  attenu¬ 
ator  to  simulate  the  expected  range  of  signal 
levels  for  the  target.  Tnese  measurements  were 
used  to  verify  the  transfer  curves  measured  in 
the  lab.  Absolute  calibration  of  the  amplitude  for 
each  polarization  channel  was  determined  using 
the  signal  level  corresponding  to  the  known  RCS 
of  the  reflector,  the  transfer  curve  for  that  chan¬ 
nel.  and  the  ratio  of  the  radar  range  to  ^at 
refiector  and  the  range  to  the  target  to  be 
measured. 

The  relative  polarimetric  phase  drannel 
initially  was  calibrated  in  the  laboratory  and  a 
reference  look-up  table  was  generated.  This 
table  related  the  phase  angle  of  the  signal  into 
the  l/Q  detector  to  that  at  its  output  A  gridded 
trihedral  was  used  at  the  field  site  as  the  refer¬ 
ence  reflector,  and  the  phase  difference 
between  the  coherent  sum  channels  was 
measured.  These  values  then  were  used  to 
determfee  their  relationship  to  the  phase  angle 
values  in  the  reference  table  for  each  of  the 
coherent  sum  channels .  A  correction  table  was 
g^erated  from  this  measurement  as  a  fenction 
of  frequency  so  that  the  actual  polarimetric 
phases  could  be  computed  directly  from  the 
measured  values  for  ecKh  frequerx^.  The  pola¬ 
rimetric  phase  calibration  was  checked  usfeg  the 
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gridded  trihedral  by  comparing  the  phase 
differences  between  RHCP  and  LHCP  signals 
for  both  senses  of  transmitted  polarizations. 
These  values  agree  to  within  ±3  deg  overall. 

The  effects  of  imperfect  cross-polarization 
isolation  in  the  radar  can  be  mitigated  by  use  of 
the  PDM  calibration  technique.’  This  calibration 
method  is  intended  to  remove  the  radar  system 
parameters  from  the  data  so  that  the  target 
polarization  scattering  matrix  can  be  determined 
without  degradation  due  to  the  system.  It  can  be 
used  for  both  linear  and  circular  polarization  by 
making  measurements  of  the  four  reflectors 
listed  in  Table  2.  For  this  report,  the  PDM 
calibration  technique  was  carried  out  for  circular 
polarization.  The  calibration  method  for  the 
coherent  receivers  is  shown  in  block  form  in  Fig. 


For  calibration  purposes,  200  ramps  of 
data  are  taken  for  each  of  the  four  reflectors, 
where  a  ramp  consists  of  64  frequency-stepped 
pulses  transmitted  with  RHCP  and  64  pulses 
transmitted  with  LHCP.  The  sum  channel  l/Q 
corrections  were  generated  by  characterizing 
each  l/Q  detector  at  four  signiti  levels  for  every 
22.5  deg  change  in  input  phase  from  0  to  360 
deg.  This  l/Q  correction  reduced  the  amplitude 
venation  due  to  l/Q  errors  to  40  dB  below  the 
average  signal  level  and  the  maximum  phase 
correction  was  3  deg.  The  PDM  calibration  is 
applied  to  the  coherent  sum  channels  only.  The 
PDM  correction  parameters  are  calculated  for 
each  frequency  and  for  each  polarization,  and 
then  they  are  applied  to  the  data  to  obtain  the 
calibrated  amplitudes  and  phases. 

The  difference  (or  delta)  channels  are  cali¬ 
brated  by  taking  the  ratio  of  the  delta  channel 
and  sum  channel  signal  levels  and  then 
adjusting  the  delta  channel  phase  to  compen¬ 
sate  for  phase  variations  in  the  sum  channel  due 
to  the  PDM  correction  and  phase  variations 
between  sum  and  difference  channels  versus 
frequency. 

The  PDM  calibration  technique  described 
above  improved  the  cross-polarization  isolation 
of  the  system  to  about  35  oB.  Table  3  shows  a 
corra^son  of  the  frequency-averaged  RCS 
amplitudes  for  two  reference  reflectors  after  per¬ 
forming  the  other  calibrations  and  applying  the 
PDM  calibration  to  the  linear  sum  channels.  The 
RCS’s  in  dBsm  were  used  to  compute  the  aver¬ 
ages.  The  RCS  amplitudes  representing  the 
various  transmitted/received  potarization 
combinations  are  a„,  Om.,  Ou,  and  Ou,.  where 
the  first  subscript  is  the  polarization  of  the  trans¬ 
mitted  ractiitiion  and  the  second  is  the  polariza¬ 
tion  of  the  received  radiation.  The  data  for  the 
log  channete  indicales  the  cross-poltfization 
isolidion  levels  without  compensation.  The 
improvement  in  the  cross-polarization  isolation 
using  the  PDM  calibration  technique  is  between 
5  and  10  dB,  but  this  was  limited  oy  tiie  influ¬ 
ence  of  scalterers  in  the  antenna  ndelobes. 

The  agreement  between  the  log  channel  and  the 
PDM-oorrected  tineer  chwnel  ampiitiKtes  tor 
these  reflectors  is  good.  The  smaN  root-mean- 


square  deviations  (RMS's)  for  the  copolarized 
realms  indicate  the  degree  of  amplitude  stability 
of  tile  system. 

Ideally  there  should  have  been  no  cross- 
polarized  reflection  from  the  dihedral  for  circular 
polarization.  The  small  values  of  o«i,  and 
shown  in  Table  3  are  believed  to  result  from  a 
combination  of  inconmlate  cross-polarization 
cancellation  by  the  PDM  calibration,  slight 
imperfections  in  the  calibration  targets,  spurious 
returns  from  the  reflector  poles,  and  sideiobe 
clutter.  The  total  for  all  of  these  possible  effects 
is  seen  to  be  at  least  35  dB  below  the  copola¬ 
rized  reflection  for  all  polarizations  after  the  PDM 
calibration. 

The  results  of  the  phase  measurements  on 
the  various  reflectors  after  the  PDM  and  other 
calibrations  are  indicated  in  Table  4.  The  table 
dives  the  corrected  phases  and  their  RMS's  at 
95.3  GHz.  As  shown,  the  measured  phases 
have  an  RMS  deviation  of  about  ±3  deg. 

Another  measure  of  the  phase  performance  of 
the  calibrated  system  is  shown  in  Table  5.  This 
table  gives  the  avers  ge  difference  in  phase 
between  adjacent  frequency  steps  and  toe 
phase  difference  for  one  particular  mid-band  fre¬ 
quency  pair.  The  RMS  deviations  also  are 
listed.  Any  measurement  phase  errors  will 
influence  the  quali^  of  HRR  profiles  and  ISAR 
images,  but  as  indicated  toe  phase  errors  are 
small.  In  fact,  the  caoabili^  of  toe  system  is 
such  that  an  HRR  profile  of  a  single  reflector 
using  a  single  ramp  of  data  and  a  84-point  FFT 
approaches  toe  processing  sideiobe  levels. 

A  method  was  devised  for  removing  the 
effects  of  small  motions  of  the  radar  platform 
while  measurements  of  a  target  were  being  per¬ 
formed.  The  motion  compensation  is  done  by 
tracking  the  phase  of  a  fixed  comer  reflector  set 
up  away  from  the  target  and  with  its  return 
peaked  in  one  difference  channel.  An  FFT  of  a 
single  ramp  of  data  is  performed  and  toe  phase 
of  toe  peak  signal  from  the  reference  reflector  is 
determined.  Eacto  ramp  of  target  data  is  then 
adjusted  for  toe  phase  variation  in  the  reference 
reflector  from  ramp  to  ramp. 

Antenna  radiation  patterns  were  obtained 
at  the  test  site  using  toe  various  reflectors.  The 
approximate  two-way  sum  channel  beamwidth 
for  the  5-cm  lens  used  for  the  targ^  measure¬ 
ments  reported  here  was  3  deg.  sideiobe  levels 
were  difficult  to  determine  due  to  the  trees  in  toe 
area,  but  in  pretest  measurements  one-way 
antenna  pattern  sidelobes  averaged  well  below 
20  dB  from  toe  peak.  Laboratory  measurements 
of  toe  cross-polarization  isolation  of  the  anten¬ 
nas  showed  that  on  average  toe  isolation  was 
more  than  25  dB,  one  way.  The  responses  of 
the  monopulse  (flfference  channete  were  cali¬ 
brated  by  scanning  the  radar  across  the  af^aro- 
priate  reflector.  The  relative  phase  of  the 
difference  channel  with  resp^  to  that  of  the 
sum  channel  was  caltorated  by  scanning  to  one 
side  of  the  reflector  and  estabKshing  a  look-up 
table  tor  setting  the  relative  phase  to  be  0  deg  at 
eatto  cti  the  synem  frequencies.  Laboratory 
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measurements  of  the  monopulse  null  depths 
showed  that  thw  averaged  at  least  25  dB  below 
the  sum  peak.  The  radar  monopulse  boresight 
angle  was  determined  for  eau^h  polarization 
channel  using  the  appropriate  reflector.  The 
boresights  were  found  to  vary  slightly,  with  most 
of  the  variations  being  in  the  azimuth  delta  chan¬ 
nels.  The  overall  boresight  angle  difference  for 
the  RR  and  RL  channels,  for  example,  was 
about  0.3  dM.  with  most  of  the  difference  being 
in  azimuth.  The  optical  boresight  on  the  video 
camera  was  set  to  coincide  wim  the  LR  radar 
boresight  for  field  measurements. 


4.  Target  Signature  Measurements 

Target  signatures  were  measured  at  the 
US  Army  MiCOM  T^et  and  Seeker  Measure¬ 
ment  Facility  which  indudes  a  stable  tower  and 
a  self-propelled  mobile  turntable.  The  tower  has 
a  9x5  m  laboratory  at  a  height  of  91  m  and  a  3x2 
m  laboratory  elevator  that  can  be  stopped  at  var¬ 
ious  heights.  The  measurements  reported  here 
were  made  with  the  radar  in  the  tower  elevator 
about  61  m  above  ground  level.  The  radar  was 
positioned  in  front  of  an  opened  elevator  window 
to  allow  an  unobstructed  view  of  the  target. 

The  target  was  mounted  on  the  mobile 
turntable  that  was  positioned  about  115m  from 
the  base  of  the  tower.  The  turntable  platform 
can  tilt  up  to  45  deg  and  rotate  continuously 
from  0  to  360  deg  about  an  axis  normal  to  the 
platform.  The  rotation  rate  is  variable  from  0.5 
to  2.5  deg/s.  Quasi-continuous  data  on  the  turn¬ 
table  tilt  and  azimuth  angles  were  transmitted  to 
the  radar  ground  station  for  recording. 

Efforts  were  made  to  shield  the  turntable 
as  much  as  possible  to  prevent  spurious  reflec¬ 
tions.  Standard  US  Army  Diamond/Hexagon 
Camouflage  netting  (for  frequencies  up  to  about 
100  GHz)  and  radar-absorbing  material  were 
used.  Some  measurements  were  made  to 
determine  the  magnitude  of  any  spurious  reflec¬ 
tions  from  the  turntable  or  ground  that  affect  the 
target  signatures.  The  tota  returns  from  the 
screening  nets  and  from  sidelobes  were  typically 
-5  dBsm  or  less.  Reflections  from  the  turntable 
generally  were  -1 0  to  -1 5  dBsm.  The  turntable 
was  located  as  far  as  possible  from  trees  in  the 
area,  and  no  significant  problem  was  encoun¬ 
tered  during  the  course  of  the  measurements 
due  to  radar  scattering  from  trees. 

A  meteorological  station  was  not  available 
at  the  site,  but  a  station  was  located  at  the 
Redstone  Arsenal  base.  Weather  data  were 
obtamed  on  a  dally  basis  throughout  the  period 
during  which  measurements  were  made. 

The  m^ffiurements  of  the  target  signa¬ 
tures  were  m«le  at  various  radar  d^ession 
angles.  For  each  radar  depression  angle  the 
radar  was  boresighted  on  me  center  or  rotftiion 
of  the  target.  The  turntable  then  was  rotated  at 
Hs  slowest  nde  (0.5  riaafa)  while  (tata  were  col¬ 
lected  wKh  me  radar  fi^  wfth  me  5-cm  lens. 
The  radar  was  opersded  kt  the  pulse-to-pulse 
polarteation  switching  mode  wtth  64  frequency 


steps  of  10  MHz  each.  Each  data  buffer 
includes  me  signal  returns  for  1 28  transmitted 
pulses  where  me  transmit  polarization  was 
switched  every  pulse  and  me  frequency  was 
stepped  every  omer  pulse.  The  basic  data  were 
taken  at  a  10-KHz  PRF  but  only  every  omer  data 
buffer  was  recorded  due  to  recording  system 
limitations.  The  target  rotates  0.006  d^  during 
one  data  buffer.  The  target  data  are  accumu¬ 
lated  for  370  deg  of  rotation  of  the  turntable  so 
mat  mere  is  some  overlap  in  me  data.  The 
turntable  position  is  recorded  along  wim  me  data 
and  is  inserted  into  me  co-boresighted  video 
camera  data  stream.  A  typical  12-min  data  file 
contains  85  Mbytes  of  data  before  calibration. 
After  calibration  the  data  can  be  processed  for¬ 
mer  and  used  for  various  purposes. 

Measurements  were  made  on  various 
armored  vehicles,  including  me  Soviet  BMP 
infantry  combat  vehicle  shown  in  Fig.  4.  Polar 
plots  of  me  polarimetric  RCS's  for  me  BMP  and 
wtth  me  radar  at  a  45-deg  depression  angle  are 
presented  in  Fig.  5.  The  data  were  sampled 
every  0.5  deg  and  averaged  over  64  frequencies 
to  generate  the  plot.  The  RCS’s  in  dBsm  were 
used  to  compute  the  averages.  It  is  apparent 
that  me  RL  and  LR  polar  plots  are  almost  identi¬ 
cal,  as  mey  should  be  theoretically.  The  RR  and 
LL  pair  are  very  similar,  but  mere  are  some 
smal  differences.  Tadble  6  shows  some  compar¬ 
ison  RCS  statistics  for  the  BMP  vehicle  at  30-, 
45'  and  60-deg  radar  depression  angles.  The 
RCS  data  for  target  azimuth  angles  between  0 
and  360  deg  were  averaged  for  each  frequency. 
All  data  points  were  used  to  obtain  me  average; 
mat  is,  the  average  sample  interval  was  0.013 
deg.  The  resulting  single-frequency  averages 
men  were  averaged  across  me  frequency  band. 
Included  wim  me  bandwidth  averages  for  com¬ 
parison  is  me  azirnum-angle-averaged  RCS  at 
one  particular  frequency  (95.3  GHz). 

It  is  seen  in  Table  6  that  me  RMS  devi¬ 
ation  for  me  single  frequency  average  is  much 
larger  man  mat  Tor  the  bandwidth  average  of  me 
mean  for  each  of  me  frequencies.  An  ewlana- 
tion  of  mis  result  may  be  the  following.  The 
target  can  be  viewed  as  a  complex  array  of 
scatterers  that  appears  to  be  different  to  me 
radar  after  me  target  has  rotated  mrough  a  small 
angle.  When  viewed  at  a  single  frequency  me 
various  independent  sets  of  scatterers  interfere 
differently,  and  mere  is  a  relatively  large  stan¬ 
dard  deviation  from  me  mean  RCS  vaTue.  As 
me  frequency  is  changed  each  member  of  me 
irxfependent  set  of  scatterers  also  interferes  dif¬ 
ferently,  but  mere  is  a  degree  of  correlation 
when  me  whole  (0  to  360  deg)  set  of  scatterers 
is  viewed  at  me  different  frequencies.  Appar¬ 
ently  me  64 10-MHz  frequency  steps  are  suffi¬ 
cient  for  me  data  to  exhibit  this  cor^tion,  and 
me  result  is  me  smaller  RMS  deviation  In  me 
average  of  me  mean  for  each  of  me  frequencies. 

The  calibrated  monopulse  sum  and  differ¬ 
ence  channel  data  can  be  used  to  generate 
HRR  profiles  that  display  bom  ttra  RCS 
arr^ttude  and  me  elevailon-  and  azirnum-angle 
errors  for  each  range  suboell.  These  HRR  pro¬ 
files  for  me  BMP  at  a  SO-deg  azimum  angle  (left 
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broadside)  and  a  radar  dmression  angle  of  45 
deg  are  shown  in  Fig.  6.  the  profiles  were 

Sited  by  doing  a  64-point  FFT  on  the  cali- 
sum  and  difference  channel  data.  The 
difference  channel  angle  errors  were  generated 
using  the  calibrated  ratios  in  the  look-up  tables 
derived  from  the  monopulse  response  patterns. 
The  plots  are  for  an  average  of  M  ramps  of  data 
and  the  range  resolution  is  0.23  m.  HRR  pro¬ 
files  shown  In  Fig.  6  are  for  the  RR  and  LR 
poiarizations.  The  LL  and  RL  profiles  are  similar 
b  the  RR  and  LR  plots,  respectively,  and  are  not 
presented  here. 


Fig.  6  shows  that  the  RCS  profiles  for  the 
RR  and  LR  polarizations  have  a  similar  extent  in 
range,  but  otherwise  they  are  quite  different. 

The  plots  for  the  azimuth  and  elevatton-angle 
cHfferences  show  the  angular  location  for  the 
effective  single  scatterer  in  each  range  subcell, 
and  these  values  also  are  different  for  the  copo¬ 
larized  and  cross-polarized  radar  returns.  This 
type  of  data  may  be  quite  useful  for 
classification,  identification,  and  tracking  of  a  tar¬ 
get  in  a  MMW  polarimetric  monopulse  seeker 
application. 


The  measurements  also  allowed  the  gen¬ 
eration  of  ISAR  images  of  the  target,  and  typical 
ISAR  images  of  the  BMP  for  RR  and  LR 
polarization  are  shown  in  Fig.  7.  The  target 
azimuth  angle  was  90  deg  (left  broadside  and 
the  radar  depression  angle  was  45  deg.  The  left 
side  of  the  t^et  is  to  the  left  in  the  images,  and 
the  front  of  the  target  is  at  the  top.  The  TSAR 
images  were  cresued  by  computing  a  two- 
dimensional  FFT  of  64  sets  of  frequency- 
stepped  data  for  the  sum-  and  elevation-angle 
channels.  The  total  rotation  of  the  target  during 
the  data-taking  time  for  the  ISAR  images  was 
0.81 2  deg.  The  downrange  resolution  for  the 
images  was  0.23  m  and  me  cross-range  reso¬ 
lution  was  0.15m.  The  sum  channel  I^R 
image  shows  the  RCS  amplitude  associated 
with  each  of  the  radar  resolution  cells  of  0.23  x 
0.15  m,  ai  d  the  elevation-angle-difference  ISAR 
image  shows  the  angular  location  above  and 
below  the  plane  of  the  sum  channel  ISAR  of  the 
effective  single  scatterer  associated  with  each 
resolution  ceil.  It  is  evident  that  the  monopulse 
elevation  angle  data  provides  the  third- 
coordinate  inbrmation  needed  for  construction 
of  a  point-scatterer  model  of  the  target  without 
recourse  to  a  geometric  model  of  the  target 

The  images  shown  in  Fig.  7  use  the  same 
set  of  data  itan  were  used  to  generate  the  HRR 
proflesof  Fig.6.  It  can  be  seen  that  these  HRR 
profiles  and  ^R  images  are  quite  consistent 
wMh  one  another. 


S.  Conduelone 

A  detailed  description  has  been  given  of 
the  charactertotlcs  of  a  95-QHz  fully  polarimetrtc 
monopulse  mstrurnentation  radar  and  the  proce¬ 
dures  used  for  ctfbration  of  the  radar.  Inpartic¬ 
ular,  it  was  ^wwn  bat  the  use  of  be  PDM 
cattNation  tachnlqua  improved  the  radar's 
croes-polartzatlon  isoialion  to  35  dB  and  be 


phase  accuracy  to  ±4  deg  across  a  630-MHz  fre¬ 
quency  band. 

Polarimetric  monopulse  radar  target  signa¬ 
ture  data  for  a  Soviet  BMP  infantry  corrfoat 
vehicle  were  presented  to  show  be  capabilities 
of  be  radar.  The  fully  polarimebc  RCS  polar 
plots  for  be  BMP  showed  bat  the  LR  and  RL 
RCS’s  are  virtually  be  same  (as  bey  should  be) 
and  those  for  RR  and  LL  are  very  similar. 

The  RCS  amplitude  and  be  azimub-  and 
elevation-angle-difference  HRR  profiles  of  be 
target  also  were  presented  for  RR  and  LR  polar¬ 
izations.  It  was  indicated  bat  distinctive  fea¬ 
tures  and  differences  in  bese  profiles  may  be 
useful  for  classification,  identification,  ana 
tracking  of  a  target  in  a  MMW  seeker  applica¬ 
tion. 


Sfondard  ISAR  imaging  techniques  were 
used  to  generate  two-dimensional  pdarimebc 
images  of  be  BMP  target.  These  images  were 
printed  along  wib  the  corresponding  polari¬ 
metric  ISAR  images  of  the  elevation  angle  differ¬ 
ences.  It  was  pointed  out  bat  be 
elevation-angle  information  in  the  monopulse 
channels  provides  a  bird  dimension  to  be 
images  which  can  be  very  usefui  for  the  genera¬ 
tion  of  point-scatterer  models  of  a  target. 

In  conclusion,  be  instrumentation  radar 
described  in  bis  report  has  been  shown  to  be 
capable  of  providing  target  signature  data  of  var¬ 
ious  types  bat  may  prove  useful  for  be  evalu¬ 
ation  of  target  detection,  classification,  and 
identification  algoribms  and  for  the  generation 
of  target  models. 
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Figure  1 .  95-GHz  polarimetric  monopulse  radar. 
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Figure  2.  A  simplified  schematic  of  the  95-GHz  polarimetric  monopulse  radar. 


Figure  3.  Block  diagram  of  the  coherent  receiver  calibration  procedure. 


Figure  4.  Soviet  BMP  infantry  combat  vehicle. 
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Figure  6.  Monopuise  sum  and  difference  channel  high-resolution  range  profiles  for  a 
Soviet  BMP.  The  radar  depression  angle  was  45  deg.,  and  tiie  target  azimuth  angle 
was  90  deg.  (left  broadside). 
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Figure  7.  Monopuise  sum  and  elevation-angie-difference  chann^  ISAR  images  for  a 
Swiet  BMP.  The  radar  depression  angle  was  45  deg,  and  the  target  azimutn  angle 
was  90  deg  (left  tiroadside). 
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TABLE  1 .  BASIC  FEATURES  OF  THE  RADAR  SYSTEM 


•  Frequency:  95.0  GHz 

•  Two-coordinate  amplitude-compeirison  monopulse 

•  Polarization  agile:  RHCP/LHCP  or  V/H  (selectable) 

•  Coherent  and  wide  bandwidth 

•  Frequency  steppable:  64  1 0-MHz  steps 

•  Peak  power:  45  W 

•  Pulse  width:  1 00  ns 

•  Pulse  repetition  frequency:  10  kHz 

•  Antenna  beamwidth  (one  way):  1 .5  to  5.2  deg  (selectable) 

•  Receiver  IF  bandwidth:  30  MHz 

•  Receiver  noise  figure:  8dB 

•  Dynamic  range  (amplitude):  >66dB 

•  Data  recording:  16  channels  for  each  pulse 


TABLE  2.  REFLECTORS  IN  TARGET  ARRAY  USED  FOR  CALIBRATIONS 


Reflector 

No. 

Reflector  Type 

RCS(dBsm) 

Range  to 
Radar  (m) 

1 

Dihedral  (45 ') 

20 

99 

2 

Dihedral 

23 

119 

3 

Gridded  trihedral 

14 

139 

4 

Trihedral 

30 

158 

TABLE  3.  FREQUENCY-AVERAGED  RCS  (dBsm)  FOR  CALIBRATION  REFLECTORS 


Reflector 

Type 

Receiver 

Orl 

Olr 

Oa 

Dihedral 

Linear 

23.0  ±0.1 

-15  ±2 

-15  ±2 

23.1  ±0.1 

Log 

23.0  ±0.1 

-7±3 

-7  ±4 

23.1  ±0.1 

Trihedral 

Linear 

-5±4 

30.0  ±  0.3 

30.0  ±  0.3 

-4  ±4 

Log 

-4±6 

30.0  ±0.1 

29.9  ±0.1 

0±4 

1 


T, 


T.. 


r|t*ul’  +  |(vn!' 

0 

0 


lUul*  - 
1**12!’  +  i<vl2i’ 
0 
0 


0 

0 

^c{*wI2**12} 


0 

0 

-M*»12*;,2) 

fle(*„i2*ii2) 


(26) 


■  1  +  a’  1  -  a’  0  0 

1  -  a’  1  +  a’  0  0 

0  0  2a  0 

0  0  0  2a 


and  a  =  *tii2/**t2*  Simplifying  (27)  yields  an  expression 
in  terms  of  f„t2.  **12.  and  x.  By  equating  (27)  to  (8),  the 
following  relationships  are  found: 


<1.2  = 


A  +  B 
2 


A-B 

2 


X  = 


Bo 

Vy^B^ 


-io-i: 


TABLE  4,  SINGLE-FREQUENCY  PHASE  (deg)  FOR  CALIBRATION  REFLECTORS 


Reflector  Type 

<t>HR 

‘1>HL 

<t>LR 

•liu. 

Trihedral 

290  +  3 

290  ±3 

Dihedral 

350  ±3 

347  ±3 

Gridded  trihedral 

115±4 

112±4 

113±4 

107  +  4 

TABLE  6.  AVERAGE  PHASE  DIFFERENCE  (deg)  PER  FREQUENCY  STEP  FOR 
CALIBRATION  REFLECTORS 


Reflector  Type 

A<hj2 

Aijia 

Dihedral  (all  pairs) 

Dihedral  (one  pair) 

Trihedral  (all  pairs) 

Trihedral  (one  pair) 

12±1 

14±4 

223  ±2 

223  +  4 

223  ±2 

223  ±4 

12±1 

14±3 

Gridded  trihedral  (all  pairs) 

130  ±2 

130  ±3 

130±3 

130  ±2 

Gridded  trihedral  (one  pair) 

129  ±5 

130  ±6 

130  +  5 

132  ±6 

TABLE  6.  AVERAGE  RCS  (dBsm)^FOR  A  SOVIET  BMP  OVER  0  TO  360  DEG 
AZIMUTH  ANGLES  AND  FOR  VARIOUS  RADAR  DEPRESSION  ANGLES 


Type  Average 

Dep.  Angle 

Out 

Oa 

Bandwidth 

30 

8.010.2 

7.210.8 

7.210.8 

8.1  10.2 

45 

7.9  ±  0.2 

7.4 10.8 

7.510.8 

7.910.1 

60 

7.8  ±  0.1 

7.6 1 0.6 

7.710.6 

7.810.2 

Single  Freq. 

45 

8.015.9 

6.915.9 

7.016.0 

8.1  15.9 
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DISCUSSION 


G.  Neininger,  GE 

Illuminating  a  target  like  a  tank  at  approximately  200  meters  there  will  exist  prdbably  more 
than  one  scatterer  within  3ie  detection  area.  Does  this  not  confuse  the  monopulse  comparator? 

Author's  Reply 

If  one  does  a  high  range  resolution  image,  with  range  resolution  of  23  meters,  the 
monopulse  channels  can  give  angle  information  versus  range,  thereoy  separating  some  of  the 
scatterers.  If  there  are  two  scatterers  at  one  range  the  monopulse  channel  will  give  the  composite 
scattering  center.  However,  by  doing  the  ISAR  processing,  this  ambiguity  can  be  resolved. 

E.  Schweicher,  BE 

You  mentioned  a  45  W  peak  power.  What  kind  of  solid-state  transmitter  did  you  use  at  95 

GHz? 

Author’s  Reply 

The  transmitter  uses  injection  locked  impact  oscillators.  The  final  stage  has  a  40-diode 
power  combiner  to  get  the  45  watts  and  the  640  MHz  bandwidth. 

U.  Lammers,  US 

What  kinds  of  phase  excursions  did  you  get  due  to  tower  sway,  and  at  what  rate  did  you 
have  to  compensate  for  them? 

Author's  Reply 

For  m<^erate  wind  conditions  less  that  10  mph,  phase  variations  due  to  tower  motion  were 
about  ±  15-  20°.  This  consisted  of  a  slow  variation  <  1  Hz  and  a  5  Hz  resonance.  I  have  not 
looked  at  this  in  detail,  but  we  have  compensated  for  this  when  calibrating  the  data.  The 
compensation  is  done  ramp  by  ramp  where  a  ramp  of  64  pulses  at  each  polarization  stepping 
frequency  10  MHz  per  pulse  sequences  12.8  ms.  The  total  sample  rate  is  40  Hz. 
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REDUCTION  OF  TARGET  SCATTERING 
BY  TROPOSPHERIC  MODIFICATION 


K.H.  Craig 

Ritdio  Communications  Research  Unit 
Rutherford  Appleton  Laboratory 
Chilton,  Didcot,  0X11  OQX 
United  Kingdom 


Summary 

This  paper  examines  the  possibility  of  reducing  the 
effective  radar  cross-section  of  an  aircraft  by  actively 
modifying  the  refractive  index  of  the  air  surrounding 
it.  The  mech2mism  proposed  is  heating  of  the  at¬ 
mosphere  by  a  laser  mounted  on  the  aircraft.  The 
equations  for  the  refractive  index  changes  caused  by 
absorption  of  laser  radiation  are  derived,  and  refrac¬ 
tive  index  profiles  are  calculated.  A  shielding  factor 
specifying  the  reduction  in  target  cross-section  is  in¬ 
troduced.  The  shielding  factor  is  evaluated  for  typi¬ 
cal  laser  beam  geometries  by  using  these  profiles  in  a 
parabolic  equation  based  electromagnetic  propagation 
model.  A  parametric  study  is  presented  in  order  to  op¬ 
timise  the  laser  wavelength  and  beam  geometry.  It  is 
concluded  that  laser  powers  in  the  megawatt  range  can 
yield  shielding  factors  greater  than  10 dB.  A  10.6/<m 
COj  laser  appears  to  be  optimum  in  terms  of  efficiency 
of  cross-section  reduction,  and  is  also  the  laser  type  for 
which  the  highest  CW  powers  are  achievable. 

1  Introduction 

It  is  well  known  that  radars  can  be  affected  by  anoma¬ 
lous  propagation  caused  by  meteorological  effects.  In 
certain  cases,  a  target  may  remain  undetected  well 
within  the  normal  detection  range  of  the  radar.  This  is 
illustrated  in  Figure  1,  showing  the  coverage  diagram 
of  an  S-band  radar  at  a  height  of  9000  m.  The  cover¬ 
age  “hole”  is  due  to  a  radio  duct  caused  by  a  sloping 
elevated  layer  typical  of  those  occurring  in  the  tropo¬ 
sphere  during  conditions  of  anticyclonic  subsidence.  A 
target  that  is  capable  of  exploiting  this  coverage  hole 
would  effectively  have  a  reduced  cross-section  for  de¬ 
tection  by  this  radar. 

The  difficulty,  of  course,  is  that  the  correct  mete¬ 
orological  conditions  occur  only  sporadically  and  the 
position  of  the  layers  tends  to  vary  with  time;  further¬ 
more  it  is  generally  difficult  to  forecast  the  position 
of  the  coverage  hole  with  sufficient  accuracy  for  its 
exploitation.  In  this  paper  we  investigate  the  possi¬ 
bility  of  artificially  creating  a  localised  coverage  hole 
by  heating  the  atmosphere  using  a  laser.  If  an  aircraft 
were  able  to  deploy  such  a  device,  it  could  hide  in  its 
own  locally  generated  radio  duct,  effectively  reducing 
its  radar  cross-section. 

There  are  three  aspects  to  the  problem.  Firstly,  a 
laser  beam  geometry  must  be  devised  that  can  gener¬ 
ate  n  l»y»r  with  a  suitable  lefractive  index  anomaly; 


a  strategy  is  proposed,  and  the  equations  describing 
the  resultant  refractive  index  profiles  are  derived.  Sec¬ 
ondly,  the  effect  of  the  layer  on  signal  loss  must  be 
calculated.  Since  the  layers  will  be  two-  or  three- 
dimensional,  a  radar  propagation  model  capable  of 
dealing  with  complex  refractive  index  profiles  is  re¬ 
quired;  the  recent  parabolic  equation  propagation 
model  is  used.  Parametric  studies  show  the  optimum 
beam  geometry  for  cross-section  reduction.  The  third 
aspect  is  that  of  laser  technology.  It  will  be  shown 
that  high  laser  powers  and  lairge  beam  cross-sections 
^lre  required;  the  feasibility  of  developing  such  systems 
‘.vill  be  considered. 

2  Laser  induced  refractive  effects 

Consider  an  aircraft-mounted  l2^r  radiating  a  beam 
at  a  small  angle  to  the  horizontal,  as  shown  in  Figure  2. 
If  a  suitable  laser  frequency  is  chosen,  the  laser  energy 
will  be  converted  to  heat  by  molecular  absorption  in 
the  atmosphere;  this  in  turn  will  cause  a  decrease  in 
the  refractive  index  of  the  heated  air.  As  the  aircraft 
flies  along,  the  laser  beam  will  sweep  out  a  refractive 
layer  above  the  aircraft.  A  typical  vertical  refractive 
index  profile  is  shown  in  Figure  2;  the  shape  is  easily 
explained.  In  region  (a)  below  the  beam,  no  heating 
has  yet  occurred.  In  region  (b)  within  the  beam,  the 
greater  the  height,  the  longer  the  duration  of  heating 
by  the  advsmcing  beam  and  therefore  the  greater  the 
refractive  index  anomaly.  In  region  (c)  above  the  beam 
the  mr  will  have  experienced  the  full  heating  effect 
of  the  beam;  the  decrease  in  refractive  anomaly  with 
height  is  due  to  the  decreasing  strength  of  the  beam 
with  distance  as  energy  is  extracted  from  it. 

This  refrzictive  index  profile  is  Similar  to  those  oc¬ 
curring  naturally  at  the  interface  of  two  different  air 
masses,  which  are  known  to  cause  anomalous  effects 
on  the  radar  coverage  of  tengets  lying  within  the  lay¬ 
ers.  The  main  difference  here  is  that  the  anomaly  will 
completely  disappear  a  few  tens  or  hundreds  of  me¬ 
tres  above  the  aircraft  where  the  heating  effect  of  the 
laser  becomes  negligible.  In  the  meteorological  case,  a 
refractive  index  change  may  be  maintained  over  much 
greater  heights  on  the  scale  of  the  extent  of  the  up¬ 
per  air  mass.  It  will  be  importuit  to  optimise  such 
parameters  as  the  beam  inclination  angle,  beam  diam¬ 
eter,  and  laser  absorption  coefficient  to  maximise  the 
impact  of  the  anomaly  on  radar  coverage. 

It  will  be  shown  that  the  effect  of  cross-section  re¬ 
duction  can  be  enhanced  significantly  if  the  “target” 
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is  located  some  wi^  behind  the  laser  beaim,  so  that 
the  coverage  hole  has  had  more  distance  over  which  to 
“open  up”  (c/.  Figure  1);  it  is  therefore  worth  consid¬ 
ering  an  extension  to  the  scenario  of  Figure  2  where  a 
“hole-burning”  low  cross-section  laser-carrying  aircraft 
flies  ahead  of  the  msun  targets  to  lay  down  a  refraictive 
layer  for  them  to  fly  through. 

2.1  The  effect  of  heating  on  refracti  index 

In  order  to  investigate  the  effect  of  heating  on  a  radar 
signal,  we  must  first  calculate  the  changes  in  the  re¬ 
fractive  index  structure  produced  by  the  heating.  Be¬ 
cause  of  the  closeness  of  the  refractive  index  n  of  the 
air  to  unity,  it  is  usual  to  work  with  the  refractivity 
N,  defined  by: 

JV  =  (n-l)xlO®  (1) 

N  depends  on  the  pressure  P  (mb),  the  absolute 
temperature  T  (K)  and  the  partial  pressure  of  water 
vapour  e  (mb): 

Af  =  77.6^-)- 3.73  X  10®^  (2) 

It  is  worth  recalling  that  this  is  derived  from  the  Debye 
formula  for  the  polarizability  of  polar  and  non-polar 
molecules,  with  the  constants  being  determined  empir¬ 
ically  [1],  The  first  (dry)  term  is  due  principally  to  the 
non-polar  nitrogen  and  oxygen  molecules,  while  the 
second  (wet)  term  comes  from  the  polar  water  vapour 
molecules. 

Assuming  that  the  air  behaves  as  an  ideal  gas,  the 
equation  of  state  is 


as  a  consequence  of  eqn  (3),  the  density  will  drop. 
Eqn  (5)  shows  that  this  will  give  rise  to  a  region  of 
lower  refractivity.  On  a  longer  timescale,  the  insta¬ 
bilities  caused  by  the  thermal  gradients  will  give  rise 
to  turbulent  mixing  with  the  surrounding  air;  this  will 
eventually  disperse  the  refractivity  anomaly  created  by 
the  heating. 

To  quantify  the  fractional  refractivity  change  in¬ 
duced  by  heating,  consider  a  timescale  longer  than  the 
acoustic  timescale,  but  less  than  the  timescale  for  the 
evoluti(»  of  turbulence.  Assuming  that  the  dry  contri¬ 
bution  to  the  refractivity  dominates  (as  will  be  true  in 
cases  of  interest),  the  logarithmic  derivative  of  eqns  (5) 
and  (2)  gives  (assuming  isobaric  expansion) 

N  Pa  V  T  ^  ^ 

Let  q®  be  the  heat  energy  absorbed  per  unit  volume. 
Then 

q,=C,^dT  (7) 

where  Cp  is  the  molar  specific  heat  at  constant  pres¬ 
sure.  Combining  eqns  (6)  and  (7), 


dN  _  _V^  1 

N  ~  pTcp^" 

If  y  is  the  ratio  of  the  molar  specific  heats  Cp  and  c^ 
at  constant  pressure  and  volume,  respectively,  then 


and  eqns  (3),  (8)  and  (9)  finally  give 


(9) 


pV  =  pRT  (3) 

where  p  is  the  pressure  (Pa),  V  is  the  volume  occupied 
by  p  moles  of  the  gas,  T  is  the  absolute  temperature, 
and  R  is  the  universal  gas  constant.  Eqn  (2)  can  there¬ 
fore  be  written; 

Ar  =  0.776fl-^  +  3730^^  (4) 

T  Ain; 

where  pa.w  t^d  Ma.w  are  the  density  and  molecular 
weight  of  air  and  water  vapour,  respectively.  Using 
values  of  Ma  =  0.0288  kg  suid  =  0.018  kg  gives 

Ar  =  224p,-t-1.72x  10«^  (5) 

Now  consider  the  effect  of  laser  heating.  As  will  be 
shown,  the  passage  of  a  laser  beam  of  suitable  wave¬ 
length  (an  infrared  CO}  laser  being  optimum)  through 
the  atmosphere  deposits  energy  via  molecular  absorp¬ 
tion.  The  absorbed  energy  is  rapidly  converted  to  ki¬ 
netic  energy  which  induces  a  near-instantaneous  rise 
in  pressure  and  temperature.  This  creates  a  pres¬ 
sure  wave  that  propagates  aWay  from  the  source  of  the 
heating  at  the  speed  of  sound.  On  a  timescide  large 
compared  to  the  acoustic  timesc^e  (the  time  taken 
for  sound  to  propagate  across  the  heated  vohime)  the 
pressure  will  return  to  its  ambient  value.  The  temper¬ 
ature  will  however  remain  higher  than  ambient,  and 


dN  7-1 

__  _ 

N  yp 


(10) 


This  equation  relates  the  change  in  refractive  index  to 
the  heat  energy  absorbed  per  unit  volume.  We  now 
consider  the  absorption  process  itself. 


2.2  Absorption  of  laser  radiation  by  the  atmo¬ 
sphere 

Consider  a  laser  beam  propagating  in  the  (  direction 
with  initial  intensity  /»  (Wm~*).  The  intensity  I{Q 
at  a  distance  C  from  the  laser  is  given  by; 

/(()  = /oexp(-oC)  (11) 

a  is  the  attenuation  coefficient.  The  ratio  ///o  is  called 
the  transmittance,  r.  The  amount  of  power  lost  from 
the  beam  per  unit  volume  is  obtained  by  differentiating 
this,  giving 

-§  =  al  (12) 

If  the  heating  is  applied  for  a  period  of  time,  i,,  the 
heat  energy  absorbed  per  unit  volume  is  therefore 

g,  =  alt,  (13) 

Ivinie  generally,  if  the  beam  intensity  varies  with  time. 
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q,=ajlit)dt  (14) 

The  attenuation  is  the  result  of  absorption  and 
scattering  by  molecules  and  by  aerosols.  Molecular 
absorption  is  caused  by  the  excitation  of  molecular 
resonauices;  since  these  involve  quantum  transitions, 
molecular  absorption  varies  strongly  as  a  function  of 
wavelength,  A,  and  must  be  determined  from  high  res¬ 
olution  spectroscopy.  On  the  other  hand,  because  air 
molecules  are  much  smaller  thain  the  laser  wavelengths 
of  interest,  molecular  scattering  shows  the  smoothe 
dependence  of  scattering  cross-section  on  wavelength 
(oc  A~^)  typical  of  Rayleigh  scattering;  molecular  scat¬ 
tering  will  be  less  important  at  longer  wavelengths. 
The  absorption  and  scattering  contribution  of  the 
^Mrosol  component  depends  on  the  constituents  of  the 
aerosol  (finely  dispersed  particles  of  ice,  dust  and  or¬ 
ganic  material)  and  their  concentration  (denser  sols 
giving  lower  visibility):  as  the  particle  sizes  are  com¬ 
parable  with  the  wavelength,  Mie  scatter  calculations 
are  required,  using  an  effective  (complex)  refractive  in¬ 
dex  for  the  aerosol;  the  cross-sections  are  reasonably 
slowly  varying  functions  of  the  laser  wavelength. 

Both  absorption  and  scattering  remove  energy  from 
the  beam  as  it  propagates,  but  only  absorption  con¬ 
tributes  to  the  heating  of  the  atmosphere.  Clearly 
then,  to  maximise  the  heating  we  must  maximise  the 
ratio  of  absorption  to  scattering.  Table  1  is  based  on 
tables  of  attenuation  coefficients  given  in  [2].  The  fig¬ 
ures  are  for  the  0-1  km  height  range  in  a  midlatitude 
summer  atmosphere.  The  “clear”  and  “hazy”  columns 
represent  aerosol  densities  corresponding  to  visibilities 
of  23  and  5  km,  respectively. 


Laser 

type 

A 

(fim) 

Clear 

Hazy 

Ta  T 

N2 

0.337 

99.98 

79 

99.98 

46 

HeNe 

0.633 

99.79 

91 

99.08 

66 

Nd  glass 

1.06 

98.7 

94 

94.3 

77 

Er  glass 

1.536 

98.4 

96 

93.3 

83 

HeNe 

3.393 

17 

16 

16 

15 

CO2 

10.591 

72 

72 

71 

71 

H2O 

27.9 

0 

0 

0 

0 

Table  1:  Total  (r)  and  absorption  (tj)  transmittance 
over  a  1  km  path,  expressed  as  a  percentage. 

At  the  shortest  wavelengths,  the  total  transmittance 
is  much  lower  than  that  due  to  absorption,  showing 
that  scattering  is  dominant;  there  arc  also  large  dif¬ 
ferences  between  clear  and  hrtzy  conditions  and  this  is 
undesirable.  At  the  longest  wavelength  (27.9 /im)  ab¬ 
sorption  by  H}0  molecules  is  very  rapid,  and  whilst 
this  would  produce  very  strong  heating  in  the  vicinity 
of  the  laser,  it  would  not  prove  possible  to  lay  down 
a  heated  layer  several  kilometres  in  front  of  the  laser. 
This  holds  for  most  longer  wavelengths  in  the  far  in¬ 
frared.  We  conclude  therefore  that  the  most  promis¬ 
ing  wavelengths  for  tropospheric  modification  are  in 


the  neu  infrared.  Here  nearly  all  the  energy  extracted 
from  the  beam  is  turned  into  heat  via  molecular  ab¬ 
sorption,  while  the  transmittance  is  still  sufficient  to 
produce  heating  effects  over  path  lengths  of  a  few 
kilometres.  In  particular  we  will  consider  the  HeNe 
wavelength  of  3.393  pm,  with  an  attenuation  coeffi¬ 
cient  of  a  =  0.0018  m“^,  and  the  CO2  wavelength  of 
10.591  pm,  with  a  =  0.00033  m~^;  the  latter  is  of  par¬ 
ticular  interest  as  CO3  lasers  can  generate  significant 
amounts  of  power. 

2.3  Effect  of  a  moving  laser 

Eqn  (14)  gives  the  amount  of  heating  produced  by 
laser  absorption  applied  for  a  finite  time.  Consider 
now  the  proposed  laser  geometry  of  Figure  2.  The 
heating  of  a  vdume  of  air  is  caused  by  the  passage  of 
the  moving  laser  beam  across  the  volume  (assumed  to 
be  at  rest).  Eqn  (14)  can  be  generalised  as 

qv(a;,z)  =  ~  f  I(x',z)dx'  (15) 

J 

where  Vo  is  the  (horizontrd)  velocity  of  the  aircraft,  and 
the  limits  of  the  integral  are  determined  by  the  extent 
of  the  bermn  that  has  passed  over  the  point  (x,z)  at 
which  the  heating  q^  is  being  evaluated. 

The  heating  mechanism  discussed  here  is  similar  to 
the  problem  of  thermal  blooming  of  a  Irtser  beam  prop¬ 
agating  in  an  atmosphere  in  the  presence  of  a  wind.  A 
more  rigorous  derivation  of  eqn  (15)  shows  [3]  that 
this  expression  holds  for  wind  velocities  that  are  less 
than  the  speed  of  sound.  When  the  wind  speed  ex¬ 
ceeds  that  of  sound,  the  acoustic  timescade  becomes 
important,  and  the  quasi-static  derivation  given  above 
no  longer  holds.  In  our  geometry  this  means  that  the 
derivation  is  only  valid  for  the  case  of  subsonic  flight. 
The  problem  of  laser  induced  heating  at  supersonic  ve¬ 
locities  poses  a  difficult  fluid  dynamical  problem,  and 
for  simplicity  we  will  assume  subsonic  conditions. 

Before  evaluating  the  integral,  we  combine  eqns  (10) 
and  (15): 


^  =  -S{Io,v,)Kix,z,a,d,9) 

(16) 

SiIo,Vo)  =  ^-^ 

(17) 

7  PVo 

K{x,z,a,d,9)  =  Y  J  I{x',z)dx' 

(18) 

We  show  below  that  the  limits  of  the  integral  (and 
hence  K)  depend  on  the  vertical  thickness  d  of  the 
beam,  and  on  the  angle  of  the  beam  to  the  horizontal, 
$. 

This  factorisation  is  useful  for  two  reasons.  Firstly, 
the  K  term  contains  all  the  beam-geometry  dependent 
terms;  these  determine  the  shape  of  the  refractive  in¬ 
dex  anomaly  induced  by  the  heating.  The  S  term  is 
geometry  independent,  being  primarily  a  function  of 
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the  beaitn  intensity  and  the  velocity  of  the  aircraft;  5 
will  be  referred  to  as  the  "beam  strength” . 

Secondly,  the  factorisation  allows  us  to  make  an 
order  of  magnitude  estimate  of  the  effects  that  can 
be  achieved.  The  maximum  value  of  is  1  (from 
eqns  (11)  and  (12))  and  we  will  show  below  that  we  can 
come  close  to  this  limit  by  a  suitable  choice  of  beam 
geometry;  thus  an  estimate  for  dN/N  is  obtained  by 
evaluating  5.  7  is  a  constant  (ratio  of  specific  heats) 
=  1.4,  zmd  we  can  put  p  =  10®  Pa  (atmospheric  pres¬ 
sure  at  the  surface).  The  choice  of  the  aircraft  ve¬ 
locity,  Vo,  will  normally  be  fixed  by  operational  con¬ 
siderations,  although  smaller  velocities  would  lead  to 
luger  effects  (subject  to  layer  decay  constraints:  see 
below);  bearing  in  mind  the  subsonic  restriction,  we 
put  Vo  =  100  ms~*. 

The  choice  of  is  set  by  laser  technology.  Average 
powers  of  100  kW  were  reported  for  COj  lasers  in  the 
early  1980s  [4]  and  efficiencies  are  of  the  order  of  10%. 
Since  jet  engine  powers  of  10^-10*  W  are  available,  it 
is  not  inconceivable  that  airborn'  lasers  with  powers 
in  the  rwge  10®-10^W  may  be  achieved.  We  will  as¬ 
sume  that  a  CW  laser  is  used  to  supply  continuous 
heating,  although  a  pulsed  system  could  be  used  if  the 
pulses  were  rapid  enough  to  form  a  quasi-continuous 
layer.  The  beam  intensity  depends  on  the  beam  cross- 
section  over  which  the  power  is  spread.  To  maximise 
the  radar  cross-section  reduction,  we  need  to  submerge 
the  aircraft  within  the  refractive  layer  generated.  The 
be2un  must  be  a  few  metres  wide  and  a  few  metres 
deep;  assume  a  beam  cross-section  of  10  m*.  (We  do 
not  discuss  here  the  technological  problem  of  obtain¬ 
ing  such  a  large  beam  aperture;  in  practice,  the  beam 
would  presumably  be  defocussed  to  provide  a  suitable 
divergence  euigle.  We  assume  in  this  analysis  that  the 
beam  is  optically  tailored  to  produce  a  near  constant 
cross-section  of  this  order  of  magnitude).  These  as¬ 
sumptions  lead  to  beam  intensities  in  the  range  10®- 
10®  Wm-*. 

Substituting  in  eqn  (16),  gives  a  value  of  dN/N  in 
the  range  0.003-0.03,  or  values  of  dN  in  the  range  1- 
10  N-units.  This  level  of  refractivity  change  can  give 
rise  to  significant  anomalous  propagation  effects,  and 
we  conclude  that  it  is  worth  pursuing  the  analysis  fur¬ 
ther. 

2.4  Refractive  index  profiles 

In  order  to  quantify  the  effect  of  laser  heating  on  tar¬ 
get  cross-section,  we  must  investigate  the  effect  of  the 
refractive  index  anomahes  on  the  propagation  of  ra¬ 
dio  waves.  This  requires  the  refractive  index  structure 
represented  by  the  function  K  (eqn  (18)). 

Assume,  as  above,  that  we  can  generate  a  laser  beam 
with  a  cross-section  of  a  few  square  metres.  To  simplify 
matters  further,  assume  that  the  beam  has  a  rectangu¬ 
lar  cross-section,  of  width  fc  ?nd  depth  d  (loosely  called 
the  beam  '‘diameter”),  and  that  the  intensity  is  con¬ 
stant  in  a  plane  perpendicular  to  the  beam  axis.  (The 
generalisation  to  circular  cross-section  and  gaussian 


beeun  intensity  would  complicate  the  anaJysis,  with¬ 
out  significfintly  adfecting  the  results).  The  geometry 
is  shown  in  Figure  3;  the  beam  is  inclined  at  an  an¬ 
gle  0  to  the  aircraft  trajectory  (assumed  horizontal). 
The  radar,  aircraft  and  laser  beam  are  assumed  to  be 
copianar  (the  optimum  geometry  for  cross-section  re¬ 
duction),  and  together  with  the  assumption  of  con¬ 
stant  beam  intensity,  this  allows  a  reduction  of  the 
problem  to  two-dimensions.  Let  {x,z)  be  coordinates 
parallel  and  perpendicular  to  the  aircradt  trajectory, 
and  let  (C>()  be  coordinates  parallel  and  perpendicular 
to  the  laser  axis;  both  coordinate  systems  are  assumed 
to  move  with  the  aircraft/laser  system.  Then 

C  =  X  cos  0  +  zsin0 

^  =  — X  sin  -I- X  cos  5  (19) 

The  beam  intensity  is  given  by 

I(x,z)  = 

lo  exp(— qC)  if  C  >  0  andO  <  $  <  d 

0  otherwise  (20) 

Now  consider  a  small  volume  of  air,  O,  at  (x,z).  De¬ 
pending  on  its  location  relative  to  the  moving  laser 
beam,  O  can  be  in  one  of  four  distinct  regions,  labelled 
A-D  in  Figure  3.  The  upper  limit  of  the  K  integral  is 
xq  ((  —  0),  while  the  lower  limit  is  max(j;,*p),  with 
P  lying  either  on  the  line  ^  =  0  or  the  line  (  =  d.  Car¬ 
rying  out  the  K  integration  using  eqns  (19)  and  (20), 


gives 

K (x,  z,a,d,0)  =  sec  0  [e~^ 

_  aicoeecflj 

(21) 

with 

r  =  o(xcosec^  —  d  cot  0) 

0£A 

0 

OeB 

a(x  cos  ^  -t-  z  sin  0) 

0£C 

azcosec0 

OeD 

(22) 

Figure  4  shows  a  K  profile  as  a  function  of  the 
height  z  above  the  laser  origin  for  x  =  1km,  a  = 
0.00033m“',  d  =  5m  and  0  =  0.1®.  The  profile  is 
seen  to  have  the  shape  predicted  in  Figure  2.  For  the 
assumed  uniform  beam  illumination  and  stable  layers, 
it  is  actually  possible  to  overlay  the  K  profiles  for  dif¬ 
ferent  values  of  d  and  x,  as  is  done  in  Figures  5-7.  The 
lower  arc  of  the  profile  is  obtained  by  following  the  re¬ 
quired  range  (x)  curve;  this  arc  is  independent  of  d 
since  the  heating  is  independent  of  the  radial  distance 
from  the  beam  axis  for  uniform  beam  illumination. 
The  upper  arc  is  obtained  by  following  the  required 
beam  disuneter  (d)  curve;  above  the  beam,  the  heat¬ 
ing  is  independent  of  range  if  we  assume  that  the  layer 
remuns  stable  indefinitely  adter  the  laser  beam  has 
swept  past  (but  see  below).  The  point  of  intersection 
of  these  two  curves  is  at  the  point  of  maximum  K ;  for 
suiaii  beam  elevation  angles,  the  lower  or,,  v.ili  cover  a 
height  range  equal  to  the  beam  diameter. 

Figures  5  and  6  are  for  a  beam  elevation  angle  of  0.1® 
and  correspond  to  a  =  0.00033  m“*  (COj  laser)  and 
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a  =  0.0018 iii“*  (HeNe  laser)  respectively.  The  higher 
absorption  case  (Figure  6)  yields  the  maximum  value 
of  K  (i.e.  1)  at  the  aircraft  {x  =  0)  for  beam  di^lmeters 
greater  than  5  m,  but  K  falls  off  rapidly  with  range  in 
front  of  the  aircraft.  Thus  there  will  be  a  strong  re¬ 
fractive  anomaly  close  to  the  aircraft,  but  this  will  not 
extend  far  in  front  of  it.  Figure  5  shows  lower  val¬ 
ues  of  K,  but  the  effect  persists  at  longer  ramges  in 
front  of  the  aurcraft.  Figure  7  shows  the  K  profile  for 
a  beawn  elevation  of  0.5®  and  a  =  0.00033  m~*  (note 
the  chamge  in  height  scade).  The  maximum  K  value 
is  lower  tham  in  Figure  5  (the  horizontal  cross-section 
through  the  laser  beaun,  and  hence  the  heating  time,  is 
less  for  higher  elevations);  however,  the  effect  of  heat¬ 
ing  falls  off  much  more  slowly  with  height  than  at  lower 
elevation  angles. 

So  far  the  effect  of  the  refractive  index  graulient 
on  the  laser  beam  itself  has  been  ignored.  Since  the 
refractive  index  created  across  the  beam  is  approxi¬ 
mately  linear  with  height,  and  we  have  assumed  that 
the  illumination  across  the  beam  is  constant,  the  beam 
will  be  deflected  downwards  without  significant  fo¬ 
cussing  or  defocussing.  (This  contrasts  with  the  case  of 
a  gaussian  intensity  distribution  where  the  nonlinear 
refractive  index  profile  across  the  beam  causes  beam 
defocussing  or  “blooming”  [3]).  The  vertical  deflec¬ 
tion  of  the  beam.  Ah,  in  traversing  a  path  length,  r, 
is  easily  shown  to  be 


A/»  = 


dN 

2  X  10«  dh 


(23) 


where  dN/dh  is  the  refractivity  gradient  across  the 
beam.  Assuming  a  10  N  change  across  a  10  m  diameter 
beam,  the  beam  deflection  amounts  to  0.5  m  in  1km. 
This  small  beam  deflection  can  be  accounted  for  ap¬ 
proximately  by  adjusting  the  beam  elevation  rmgle.  A 
rigorous  solution  would  not  only  need  to  take  account 
of  the  effect  of  this  beam  deflection  on  the  shape  of 
the  layers  formed,  but  would  also  need  to  consider  the 
corrections  to  the  K  integral  in  eqn  (21).  This  is  a 
coupled  fluid  dynamics  and  electromagnetic  propaga¬ 
tion  problem  which  would  require  a  numerical  solution; 
here  we  retain  the  approximate  analytical  solution. 

The  effect  of  these  K  profiles  on  target  shielding  will 
be  considered  in  Section  3  below.  First,  we  must  con¬ 
sider  the  limits  of  validity  of  our  quasi-static  analysis 
caused  by  layer  instabilities. 


2.5  Layer  instal^ty 

For  the  K  profiles  to  be  as  derived  above,  we  must 
ensure  that  (a)  the  profile  has  had  time  to  form  and 
(b)  it  has  not  decayed  to  its  ambient  value  due  to  mix¬ 
ing  with  the  surrounding  air  mass. 

The  profile  is  only  fully  formed  after  the  heating  has 
been  applied  for  a  time  that  is  much  greater  than  r,, 
the  acoustic  timescale  Now 

TW  ~  —  (24) 

ti. 


where  i  is  the  characteristic  length  of  the  heated  re¬ 
gion  and  Va  is  the  speed  of  sound.  Since  in  practice 
(i)  the  beam  is  nearly  horizontal,  and  (ii)  a  'C  1  so 
that  horizontal  temperature  gradients  are  small,  the 
acoustic  shock  wave  will  travel  in  a  verticsd  direction 
across  the  beam  diameter.  Thus  we  put  I  ~  d.  As 
the  beam  is  moving  horizontally  at  velocity  Vo,  in  the 
acoustic  timescale  it  moves  a  distance  dv^/va  <  d  as 
Vo  <  Va-  This  is  a  small  proportion  of  the  horizontal 
cross-section  through  the  beam,  dcoaecO,  2is  0  is  small. 
We  conclude  that  the  early  time  behaviour  will  only 
have  an  effect  on  K  v^ry  close  to  the  leading  edge  of 
the  moving  beam;  the  K  profile  is  therefore  only  af¬ 
fected  at  the  very  lowest  heights  for  which  K  ^0,  and 
this  will  have  minimal  effect  on  the  refractive  proper¬ 
ties  of  the  layer. 

A  further  mechanism  which  could  potentially  affect 
the  early  time  behaviour  of  heating  by  a  10.6  pm  CO2 
laser  is  kinetic  cooling  of  the  atmosphere  [5].  At  this 
wavelength,  energy  is  absorbed  by  both  water  vapour 
amd  cairbon  dioxide.  While  the  energy  absorbed  by 
the  water  vapour  is  essentially  transformed  into  heat 
instantaneously  (within  1  pS),  the  energy  absorbed  by 
the  carbon  dioxide  induces  a  series  of  molecular  tran¬ 
sitions  involving  CO2  and  N2  that  extracts  kinetic  en¬ 
ergy  from  the  air,  causing  an  initial  lowering  of  tem¬ 
perature.  The  cooling  is  slight  (a  few  tens  of  mK), 
but  the  timescale  for  the  release  of  the  vibrational  en¬ 
ergy  (amd  therefore  the  delay  in  the  onset  of  heating) 
can  be  as  much  as  a  few  tenths  of  a  second.  For  the 
velocities  and  beam  geometries  being  considered,  the 
affected  region  will  be  a  small  fraction  of  the  horizon¬ 
tal  cross-section  through  the  beam,  and  again  there 
will  be  minimal  effect  on  the  refractive  properties  of 
the  layer. 

The  main  mechanism  causing  the  layer  to  decay  is 
thermal  instability  generated  by  the  heating.  Buoy¬ 
ancy  forces  on  the  heated  mr  will  cause  it  to  rise,  even- 
tuedly  establishing  equilibrium  with  the  surrounding 
air  by  a  process  of  turbulent  mixing.  The  timescale, 
r, ,  for  the  development  of  the  initial  vortex  motion  [6] 
is 


(25) 


where  T  is  the  absolute  temperature,  AT  is  the  tem¬ 
perature  difference  across  the  heated  region,  /  is  the 
characteristic  size  of  the  heated  region,  and  g  is  the 
acceleration  due  to  gravity.  As  before,  we  put  I  ^  d, 
and  since  from  eqn  (6)  |AT/r|  =  |AAf/N^|,  we  can 
write 


N  d 
AN  g 


1/7 


(26) 


Tf  is  greater  for  larger  beams  and  smaller  heat¬ 
ing/refractive  index  effects.  For  beam  diameters  in  the 
range  1-10  m  and  refractivity  anomalies  in  the  range 
1-10  N,  Tt  is  in  the  range  1-20  secs.  This  limits  the 
range  over  which  the  layer  persists  (t)«rt)  to  a  few  kilo¬ 
metres.  Since  at  the  very  least,  the  horizontal  beam 
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cross-section  must  be  less  than  this  distance,  the  on¬ 
set  of  turbulence  limits  the  minimum  beam  inclination 
angle  Of  that  can  be  used: 

sin^j  =  — ^  (27) 

VoTt 

0t  is  typically  a  few  tenths  of  a  degree. 

The  onset  of  turbulence  will  cause  the  overlaid  K 
profiles  in  Figures  5-7  to  separate  at  some  height  above 
that  of  maximum  K.  We  assume  in  the  following  that 
$  is  sufficiently  greater  than  0t  to  prevent  the  decay  of 
the  profiles  above  the  K  maximum  from  significantly 
affecting  the  refractive  properties  of  the  layer.  A  more 
thorough  study  of  the  time  evolution  of  the  layer  is 
highly  desirable. 

Another  mechanism  contributing  to  the  decay  of  the 
layer  behind  the  aircraft  is  the  passage  of  the  aircraft 
itself  through  the  layer.  The  turbulence  is  likely  to 
destroy  the  coherence  of  the  layers  within  a  short  dis¬ 
tance  of  the  aircraft.  Note  however  that  it  does  not 
follow  that  the  refractive  effects  are  negligible  behind 
the  aircraft;  this  is  discussed  further  below. 

3  Results 

The  final  step  in  >'he  investigation  is  to  show  the  effect 
of  the  heating  produced  refractive  index  anomalies  on 
an  incoming  radar  signal.  This  requires  an  electro¬ 
magnetic  propagation  model  that  can  deal  with  the 
two-dimensional  refractive  index  profiles.  The  recently 
developed  parabolic  equation  model  [7,8]  is  especially 
suited  to  this  type  of  problem.  It  can  handle  essen¬ 
tially  arbitrary  two-dimensional  refractive  index  distri¬ 
butions  specified  analytically  or  numerically,  and  has 
an  efficient  solution  based  on  fast  Fourier  transform 
methods.  The  basic  output  of  the  model  is  the  one-way 
path  loss  between  a  radar  system  and  field  points  de¬ 
fined  on  a  range-height  grid.  In  the  current  problem, 
the  radar  signal  passes  twice  through  the  anomalous 
refractive  index  structures  on  its  way  to  and  from  the 
target  aircraft.  Thus  the  effective  reduction  in  target 
cross-section  is  given  by  twice  the  path  loss  between 
radar  and  target  relative  to  the  path  loss  in  a  standard 
atmosphere.  We  call  this  the  “shielding  factor”,  SF. 

Figure  8  shows  the  radar  coverage  diagram  in  the 
vicinity  of  a  laser  beam  at  a  height  of  500  m  and  a 
range  of  370  km,  close  to  the  horizon  of  the  radar 
shown  in  Figure  1.  (The  aircraft/laser  is  flying  from 
right  to  left  towards  the  radar  at  0  km  range).  The 
laser  beam  parameters  used  were:  beam  strength 
S  =  0.05;  0  =  O.l*;  d  =  5m;  a  =  0.00033m-‘.  A 
significant  h'>le  has  been  caused  by  the  laser  heating. 
Also  shown  ue  vertical  cross-sections  at  the  aircraft’s 
range,  and  at  5  and  10  km  behind  the  aircraft.  The 
shielding  factor  is  5dB  at  the  aircraft’s  range,  but  this 
increases  to  over  30 dB  10  km  behind  the  aircraft.  Ac¬ 
tually  for  this  strength  of  beam,  layer  instability  will 
limit  the  layer  to  1-2  km  behind  the  aircraft  whereas 
Figure  8  has  assumed  a  stable  layer.  It  is  important 
to  note  however  that  a  cover^e  hole  behind  the  air¬ 
craft  does  not  depend  on  the  lager  persisting  at  these 


ranges.  Once  refractive  bending  has  taken  place,  the 
energy  will  continue  to  diverge  from  the  aircraft  al¬ 
titude  even  if  the  refractive  index  returns  to  normal 
behind  the  aircraft.  The  shielding  factor  will  be  less 
in  this  case,  but  will  still  be  greater  than  the  shielding 
factor  at  the  aircraft’s  range.  Numerical  results  are 
given  below. 

The  height  of  the  maximum  shielding  factor  in  Fig¬ 
ure  8  is  slightly  above  the  base  of  the  besun:  this  height 
varies  with  the  beam  and  indai  geometry,  and  the  air¬ 
craft  height  relative  to  the  beam  would  have  to  be  cho¬ 
sen  carefully;  the  width  of  the  shielding  factor  curve 
close  to  the  maximum  appears  to  be  sufficient  to  en¬ 
close  the  aircraft  completely. 

Figure  9  shows  the  situation  for  a  laser  beam  at  the 
shorter  range  of  300  km  from  the  radair.  The  beam  pa¬ 
rameters  are  the  same  as  before  except  that  we  choose 
6  =  0.5‘,  since  this  shorter  range  the  radM  is  seen 
at  a  higher  elevation  angle  from  the  target  adrcraft. 
The  main  feature  to  note  is  that  the  shielding  factor  is 
much  smaller  than  in  the  previous  case,  especially  at 
the  5  and  10  km  ranges;  there  is  little  extra  protection 
to  be  gained  from  flying  the  aircraft  behind  the  laser. 

In  order  to  examine  the  sensitivity  of  the  shield¬ 
ing  factor  to  the  beam  geometry,  the  parameters  0, 
a,  d  and  S  were  varied,  keeping  the  other  parameters 
constant.  (The  only  exception  is  the  variation  with 
d,  where  we  have  kept  the  product  Sd  fixed  at  0.25: 
since  5  «  /»  (the  beam  intensity),  Sd  oc  P  (the  beam 
power);  we  assume  that  the  power,  rather  than  the 
intensity,  is  limited  by  technology).  Figure  10  shows 
this  parametric  study  for  the  aurcraft’s  range,  and  at 
5  and  10  km  behind  the  aircraft,  for  the  parameters 
corresponding  to  Figure  8.  The  conclusions  are: 

1.  The  shielding  factor  increases  as  the  elevation 
angle  decreases  (larger  horizonted  beam  cross- 
sections  and  therefore  longer  heating  times). 

2.  The  variation  with  absorption  coefficient  shows  a 
maximum  between  a  =  0.0001  and  0.001.  Indeed, 
at  the  range  of  the  aircraft,  the  compromise  be¬ 
tween  a  short  range,  strong  layer  and  a  long  range, 
weak  layer  appeeurs  to  ’oc  optimum  at  a  value  of  a 
close  to  that  of  the  10.6pm  CO2  laser  (0.00033); 
this  is  fortuitous  as  these  lasers  can  generate  the 
highest  powers. 

3.  The  variation  with  beam  diameter  is  fairly  weak 
although  at  the  shorter  ranges,  the  shielding  fac¬ 
tor  increases  slightly  with  decreasing  beam  size. 

4.  As  expected,  the  shielding  factor  increases  with 
beam  strength,  although  it  “saturates”  at  the 
longer  ranges  for  very  high  beam  strengths.  Real¬ 
istic  values  of  5  will  be  less  than  0.05,  and  in  this 
region  the  shielding  factor  is  almost  proportional 
to  S;  for  example,  at  the  aircraft  range,  SF  (dB) 
«90S. 

Figure  11  gives  the  reduction  in  shielding  factor 
to  be  expected  due  to  the  decay  of  the  layer  behind 
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the  aircraft.  The  layer  has  been  assumed  to  decay 
exponentially  with  rrmge,  and  the  shielding  factor  is 
shown  as  a  function  of  “layer  decay  length”,  defined 
as  the  distance  at  which  the  layer  decays  by  a  factor 
of  1/e.  The  layer  parameters  are  those  used  in  Fig¬ 
ures  8  and  10.  As  expected,  the  shielding  factor  at 
the  aircraft’s  ramge  is  independent  of  the  layer  decay, 
while  the  shielding  factor  5  and  10  km  behind  the  air¬ 
craft  reduces  for  more  rapidly  decaying  layers.  Clearly 
a  shielding  factor  of  30  dB  at  10  km  range  is  overopti- 
mistic  given  a  layer  decay  length  of  1-2  km;  however, 
the  shielding  factor  is  still  about  10  dB.  If  it  is  desired 
to  operate  with  a  hole-burning  aircraft  protecting  the 
main  targets  further  back,  it  will  be  necessary  to  en¬ 
sure  that  the  aircraft/laser  system  disturbs  the  layer 
as  little  as  possible. 

Figure  12  shows  the  variation  of  the  shielding  fac¬ 
tor  with  0  and  a,  for  the  parameters  corresponding  to 
Figure  9.  A  new  feature  is  the  distinct  peak  at  an  ele¬ 
vation  angle  between  0.4®  and  0.5®.  This  corresponds 
to  the  elevation  of  the  radar  from  the  target  aircraft: 
the  benefit  of  a  lower  elevation  angle  in  increasing  the 
horizontal  beam  cross-section  is  outweighed  by  the  loss 
of  shielding  caused  by  depointing  the  beam  from  the 
radar  direction.  Again  it  appears  that  an  absorption 
coefficient  of  0.00033  m~*  is  about  optimum. 

4  Discussion 

Proposals  for  reducing  the  effective  radar  cross-section 
of  an  aircraft  by  active  modification  of  the  medium 
surrounding  it  have  been  made.  Heating  of  the  atmo¬ 
sphere  by  a  laser  mounted  on  the  aircraft  was  seen  to 
be  a  feasible  mechanism.  Shielding  factors  of  greater 
than  10 dB  could  be  obtained  using  a  10.6pm  COj 
laser  in  the  megawatt  range. 

There  are  many  questions  that  should  be  investi¬ 
gated  further: 

•  The  technical  feasibility  of  generating  sufficient 
laser  power  on  an  aircraft,  and  producing  a  beam 
with  adequate  aperture  (several  metres)  must  be 
assessed.  In  particular,  the  analysis  should  be  ex¬ 
tended  to  deal  with  defocussed  and  multi-beam 
systems. 

•  The  problem  of  layer  instabilities  and  decay 
should  be  addressed,  particularly  if  the  higher 
shielding  factors  obtainable  behind  the  laser  are 
to  be  quantified  more  accurately. 

•  Beam  bending  and  defocussing  due  to  the  self¬ 
generated  refractive  index  gradients  and  gaus- 
sian  beam  profile  should  be  incorporated;  numer¬ 
ical  thermal  blooming  computer  codes  could  be 
aulapted  for  this  purpose. 

•  The  break  up  of  the  layers  via  turbulent  mixing 
will  itself  cause  enhanced  backscatter  of  the  radar 
energy  (c/.  clear-air  radar  echoes);  the  level  of  this 
backscatter  should  be  estimated  since  if  it  is  large. 


it  could  produce  a  radar  signature  that  would  nul¬ 
lify  some  of  the  benefits  of  reduced  radu  cross- 
section. 

•  The  extension  of  the  analysis  to  supersonic  flight 
is  clearly  important  for  military  eurcraft. 

•  The  analysis  has  assumed  clear-air  absorption. 
10.6  pm  radiation  is  strongly  hbsorbed  by  liquid 
water  and  this  mechanism  has  been  exploited  for 
cloud  hole-boring  [9].  The  refractive  effects  of 
evaporation  in  rain  and  clouds  should  be  inves¬ 
tigated. 
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Figure  1:  Coverage  diagram  of  an  Sl-band  radau'  in  terms  of  free  space  range 
(i.e.  the  contours  show  the  limits  of  detectability  of  a  radar  with  the 
given  range  capability  in  free  space).  The  hole  is  caused  by  a  sloping 
elevated  layer. 
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Figure  2:  Anomalous  refractive  index  layer  produced  by  an  aircraft-mounted  laser. 
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Figure  3:  Laser  beam  geometry. 
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Figure  10:  Parametric  study  of  the  shielding  factor  for  the  laser  geometry  of  Figure  8. 
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Figure  12:  Parametric  study  of  the  shielding  factor  for  the  laser  geometry  of  Figure  9. 


DISCUSSION 


E.  Schweicher,  BE 

Your  talk  was  very  interesting  but  raises  some  questions. 

1 .  You  did  not  take  into  account  the  laser  beam  divergence.  Why? 

2.  Why  did  you  not  mention  the  DF  laser  radiating  at  3.8|i.  (not  fai  away  from  the  He-Ne 
laser  at  3.3|i)  and  featuring  a  much  better  efficiency  (about  5%  compare  to  less  than  1%  for  the  He- 
Ne  laser)  as  well  as  much  higher  powers  (the  US  DF  ALPHA  laser,  which  is  a  laser  weapon, 
radiates  5  MW  CW) 

3.  Your  radar  hole  could  be  blown  away  if  you  have  a  cross  wind  because  the  laser  beam 
always  tends  to  bend  towards  the  wind. 

Author's  Reply 

1 .  1  discuss  this  point  briefly  in  the  paper.  A  constant  beam  cross-section  was  assumed  in 
order  to  obtain  a  simple  analytical  solution  to  the  K-integral.  In  agree  that  a  collimated  beam  cross- 
section  of  a  few  square  meters  is  unlikely  and  expect  that  a  "practical"  system  would  involve  a 
diverging  beam.  I  leave  the  problem  of  designing  the  optics  to  the  laser  experts,  but  the  refractive 
effects  of  different  beain  geometries  should  be  investigated. 

2.  When  I  wrote  the  paper  my  only  source  of  high  spectral  resolution  molecular  absorption 
data  was  Reference  2  which  predates  the  DF  system  you  mention.  I  was  unaware  of  the  5  MW 
power  capability  which  is  certainly  impressive.  Unfortunately  the  DF  wavelength  is  only  weakly 
absorbed  by  the  atmosphere  (hence  its  use  for  weapons)  and  so  the  heating  efficiency  will  be  low; 
the  shorter  wavelength  HF  laser  experiences  strong  water  vapor  absorption  and  is  perhaps  more 
useful  in  this  application.  The  CO2  laser  is  probably  still  the  best  choice  due  to  its  ideal  absorption 
characteristics. 

3.  I  accept  your  point.  I  would  hope  that  the  effect  is  small  enough  to  be  ignored  to  first 
order.  This  is  another  of  the  nonlinear  effects  that  could  be  tackled  by  using  a  laser  thermal 
blooming  computer  code. 

F.  Cl  ristophe,  FR 

Since  the  major  shielding  seems  to  occur  behind  the  aircraft,  did  you  consider  the 
interaction  between  its  wake  and  the  heated  layer? 

Author's  Reply 

In  the  paper  I  mention  that  the  passage  of  the  aircraft  through  the  layer  is  likely  to  destroy 
the  coherence  of  the  layer  behind  the  aircraft.  The  problem  of  maximizing  layer  stability  clearly 
needs  to  be  examined  further.  Of  course  the  shielding  factor  behind  the  aircraft  is  always  at  least  as 
great  as  the  value  at  the  aircraft  range,  independently  of  the  layer  breakup  (Figure  1 1). 
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Summary 

A  stochastic  model  of  land  clutter  visibility  and  of 
terrain  screening  of  targets,  with  particular 
application  to  low-flying  tcugets  under  surveillance 
by  a  microwave  land-based  radar  system,  is 
described. 

The  model  is  non-site-specific,  but  detailed.  It 
allows  radar  performance  measures  such  as  the  mean 
length  of  track  to  be  obtained  anal)dically,  without 
averaging  large  numbers  of  site-spedfic  simulations 
or  requiring  high  fidelity  terrain  data.  The 
trajectories  of  terrain-following  targets  are  described 
in  terms  of  ensembles  of  Markov  processes.  The  main 
dependencies  of  the  model  are  on; 

terrain  relief; 

radar  height; 

target  altitude; 

distance  of  closest  approach  between  the  target 

and  the  radar. 

The  model  can  be  used  to  generate  simulated  clutter 
maps  and  target  screening  diagrams,  and  indeed  this 
is  done  to  compare  the  model  results  with 
experimental  data.  However,  the  main  aim  is  to 
predict  the  effects  of  target  screening  and  land  clutter 
directly  from  the  model,  rather  than  through  large 
numbers  of  simulations.  The  equations  which  can  be 
used  to  derive  such  predictions  are  given,  and 
applied  to  a  simple  case:  the  time  at  which  an 
incoming  target  first  enters  a  cluttered  cell.  This 
approach  to  such  calculations  is  extremely 
computationally  efficient. 

Introduction 

In  performance  assessments  of  ground  based  air 
defence  radar  systems,  the  quantity  of  interest  is 
usually  a  general  measure  such  as  the  mean  track 
length.  Ultimate  limits  upon  such  performance 
measures  are  provided  by  certain  characteristics  of 
the  terrain:  in  particular,  terrain  screening  and  land 
clutter.  An  important  feature  of  these  terrain  effects 
is  their  patchiness:  for  example,  low-flying  targets 
may  move  in  and  out  of  clutter  several  times  while 
flying  towards  the  radar  site.  The  path  of  a  low- 
flying  air  vehicle  relative  to  such  terrain  features 


can  critically  affect  the  radar  performance;  this  is 
illustrated  in  Hgure  1. 


Figure  1 

niustration  of  the  effect  of  the  path  of  a  low- 
flying  air  vehicle  on  Us  detectability 


Two  classes  of  model  have  been  used  to  predict  such 
effects.  Detailed  site-specific  models'  can  predict 
radar  performance  for  a  particular  radar  site  and  air 
vehicle  trajectory;  such  models  rely  on  high  fidelity 
terrain  and  land  cover  data.  However,  while  the 
performance  for  a  well-specified  site  and  trajectory 
can  be  found,  it  is  not  clear  how  many  sites  and  how 
many  trajectories  for  each  site  would  have  to  be 
analysed  to  give  a  statistically  significant  answer; 
furthermore,  this  approach  is  computationally 
expensive.  In  contrast,  simplistic  spherical-earth 
clutter  and  screening  models  do  not  address  the  wide 
variability  of  clutter  and  screening  effects  with 
different  target  paths. 

The  purpose  of  this  paper  is  to  outline  a  stochastic 
model  of  terrain  screening  and  land  clutter,  which 
provides  a  middle  way  b^ween  the  detailed  site- 
specific  and  simple  spherical-earth  models.  The 
stochastic  model,  which  has  been  tested  against 
measured  clutter  data  and  digital  terrain  elevation 
data  (DTED),  describes  the  large-scale  spatial 
correlations  of  target  screening  and  of  clutter  for 
three  generic  classes  of  terrain  Oevel,  low-relief  and 
high-relief). 
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The  concept  of  required  height 


Terrain-following  Targets  and  Ground  Clutter 

The  screening  of  terrain  following  targets  can  be 
described  in  terms  of  a  single  quantity,  the  height, 
hr,  above  the  terrain  that  the  target  must  reach  to  be 
visible.  The  concept  of  reqtiired  height  is  illustrated 
in  Figure  2;  the  occurrence  of  Oine  of  sight)  ground 
clutter  corresponds  to  regions  where  this  required 
height  is  zero.  The  required  height  can  be  defined  at 
every  point  within  the  region  of  interest,  giving: 

hr  =  hr(.R,6)  (I) 

where  R  and  0  are  polar  coordinates  relative  to  the 
radar  site  as  origin. 

The  proposed  stochastic  model  characterises  the 
required  height  fc^R,fl)  as  a  random  field,  with  a 
different  ensemble  of  such  fields  corresponding  to 
each  of  the  terrain  classes  of  interest.  The  terrain 
classes  considered  are: 


ridges.  The  illustrative  clutter  map  shown  in 
Figure  3  (lower  map)  was  measured  at  Scranton. 


Spruce  Home  (low-relief) 


(i)  Level  sites:  these  are  generally  well  modelled 
in  terms  of  a  spherical  earth.  At  X-band,  the 
clutter  visibility,  defined  as  the  fraction  of 
ceils  at  a  given  range  which  are  cluttered, 
gradually  falls  away  with  range,  the  main 
drop  in  clutter  visibility  occurring  near  the 
spherical  earth  horizon. 

( i  i )  Low-relief  sites  (eg  gently  rolling  farm-land): 
in  these  regions,  the  clutter  persists  beyond  the 
spherical  earth  horizon,  and  there  is 
patchiness,  or  correlation,  in  the  clutter 
visibility.  An  X-band  clutter  map  for  such  a 
site.  Spruce  Home,  is  given  in  Figure  3  (upper 
map).  The  maximum  range  in  this  figure  (and 
all  other  clutter  maps  shown  here)  is  24  km;  the 
"spherical  earth*  clutter  horizon  for  the  given 
radar  height  (18  m)  is  only  16  km. 

(iii)  High-ieiicf  sites  (ie  mountainous  areas):  here, 
the  clutter  persists  at  very  long  ranges,  and 
there  may  be  anisotropy  and  periodicity  in  the 
clutter  visibility  due  to  r^ular  mountain 


Scranton  (high-relief) 


Figure  3 

Clutter  maps  for  a  low-relief  site.  Spruce  Home,  and 
a  high-relief  site,  Scranton. 
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A  reasonable  statistical  description  of  the  terrain 
shadowing  is  obtained  in  terms  of  an  underlying 
random  field,  g(.R,0i,  such  that: 

hr{R,e)=giR,e)^  g(R,e)>o-. 

hr(R,e)=o  g(R,e)<o .  (2) 

The  root  required  height,  V/it(R,0),  follows  a 
truncated  Gaussian  distribution  characterised  by  a 
mean,  and  a  standard  deviation,  a(R),  with 
the  following  functional  forms: 

ti(R)  =  A  +  BR  +Ch*  ; 

a(R)  =  <7.  (3) 

The  parameters  A,  B,  C  and  a  are  constant  for  a  given 
terrain  type,  and  h*  is  the  height  of  the  radar  above 
the  mean  terrain  height.  Rgure  4  illustrates  this 
truncated  Gaussian  distribution  for  'lhi(R,0); 
histograms  of  the  root  required  height  at  different 
ranges,  constructed  from  a  single  (low-relieO 
shadowing  diagram,  are  shown,  together  with  the 
best  fit  (maximum  likelihood)  Gaussian.  The  spike 
at  zero  required  height,  corresponding  to  cluttered 
regions,  has  been  removed. 

The  two  point  correlation  function  of  the  normal  field 
g  can  be  expressed: 

p(ro,ri)  =  exp|-  a(.R,\if,C)  dr\  . 

\  •J'O  )  (4) 

The  function  ciR.fff.Q  is  terrain  type  dependent.  The 
angle  yr  describes  the  direction  of  the  target's  path 
relative  to  the  radial  direction  (ie  yr=0  implies  a 
radial  path  and  ^^^90^  implies  a  tangential  path), 
and  the  angle  ^  describes  the  path's  direction 
relative  to  a  fixed  direction  (this  latter  dependence 
only  arises  in  high-relief  sites,  in  which  a  preferred 
direction  is  defined  by  the  mountain  ridges). 


The  model  parameters.  A,  B,  C,  oand  the  function  a 
have  been  evaluated  from  DTED  corresponding  to 
each  of  the  classes  of  site.  The  values  given  here  are 
tentative,  since  a  sufficiently  large  data  set  to  give 
firm  values  has  yet  to  be  analysed. 

(i)  Level  sites:  as  the  scattering  arises  from 
vertical  discretes^,  simulated  screening 
diagrams  can  be  constructed  by  applying  an 
uncorrelated  clutter  distribution  to  a  screening 
diagram  for  a  spherical  earth,  modelled 
deterministically.  Formally,  this  gives  the 
following  parameterisation  (where  a£  is  the 
earth  radius): 

H(R)=Ejii2aEML  ; 
cr(R)  =  0  ; 

p(ri,r2)  =  0  .  (4) 

(ii)  Low-relief  sites:  Table  1  gives  values  for  the 
parameters  A,  B,  C  and  CT(note  that  since  g  is 
the  square  root  of  a  height,  the  units  of  fi  and  a 
are  V(metres)).  The  site  height  h*  for  the 
particular  case  considered.  Spruce  Home,  is  37 
m.  In  addition,  the  two-point  correlation 
function  (defined  in  terms  of  a)  can  be  written: 

a  (R,  VC  f )  =  Po  exp|-^| +Pi  + 

+  Q^smy/+Q(smC  .  (g) 

The  parameters  Po  P-[,  Ro  Q^and  are  given 
in  Table  2.  For  low-relief  sites,  the  parameter 
Qf  (describing  the  dependence  of  the 
correlations  upon  the  direction  of  the  path 
relative  to  a  preferred  direction)  vanishes, 
implying  that,  on  average,  the  screening 
diagrams  are  isotropic. 


Figure  4 

Histograms  of  the  sguare  root  of  the  required  height  for  three  different  ranges;  zero-height  values  removed 


32-4 


A/Vm 

C/m-’^^ 

o/Vm 

Low-relief 

-3.6 

0.3x10-3 

-0.05 

3.2 

High-relief 

+14.7 

0.6x10-3 

-0.07 

6.3 

Table 

Parameters  describing  the  single-point  statistics  of  g 

PoAm’ 

Pl/km-’ 

Ro/km 

Q^^/km-’ 

Q^/km'’ 

Low-relief 

0.25 

0.005 

40. 

0.02 

0.0 

High-relief 

0.20 

0.005 

0.005 

0.02+0.14i 

Table  2 


Parameters  describing  the  correlations  of  g 


(iii)  High-relief  sites;  clutter  visibility  and  target 
screening  are  much  more  variable  for  high- 
relief  than  for  low-relief  and  level  sites.  The 
parameters  describing  the  required  height  field 
are  given  in  Tables  1  and  2;  Scranton  has  a  site 
height  of  203  m.  The  most  salient  feature  of  this 
parameter  set  is  the  parameter  Q^,  which  is 
not  only  non-zero  but  also  complex. 
Exponentiation  of  this  complex  a  (as  in  Eqn  4) 
gives  a  periodic  correlation;  this  is  needed  to 
describe  the  periodicity  of  the  ridges 
illustrated  in  Figure  3. 

Given  this  complete  parameter  set,  screening 
diagrams  can  be  simulated  for  each  class  of  site. 
Figures  5  and  6  give  such  simulated  screening 
diagrams,  together  with  a  screening  diagram 
generated  from  DTED,  for  the  low-relief  and  high- 
relief  terrain  types.  In  these  diagrams,  the  black 
areas  indicate  cluttered  regions  (required  height 
zero),  and  the  grey  scales  indicate  required  hdghts 
ranging  from  below  50  metres  (white  areas)  to  above 
200  metres  (dark  grey  areas).  The  simulatioru  have 
captured  the  essential  features  of  the  screening 
diagrams  for  the  different  classes. 

PerfotmaiKc  Prediction 

The  purpose  of  this  work  is  not  to  produce  simulated 
screeiung  diagrams  to  be  used  in  place  of  measured 
ones;  rather,  quantities  useful  for  performatKe 
prediction  can  be  extracted  directly  from  it.  Two 
quantities  which  can  be  derived  from  the  modd  are: 

clutter  visibility,  that  is,  the  fraction  of  cells 
at  a  given  range  that  are  duttered; 


the  probability  that  a  target  is  visible  and  in 
an  uncluttered  cell. 

For  example,  the  clutter  visibility  V(R)  is: 

V  (R  )  =  lerfc/^  +-BR^.C  . 

2  \  cff2  I  (6) 

At  long  ranges,  V(R)  is  proportional  to 

exp(-B2R2  /2o2). 

For  more  detailed  predictions,  the  evolution  of  the 
probability  distribution  function  P(g)  is  used.  By 
describing  the  way  in  which  P(g)  changes  along  a 
straight  line  path  defined  relative  to  the  radar  site, 
the  whole  ensemble  of  equivalent  paths  can  be 
described  at  once  -  at  no  time  is  it  necessary  to 
consider  a  number  of  specific  paths  and  simulate 
particular  values  for  the  required  heights  along 
those  paths.  Thus,  it  is  possible  to  use  a  single, 
probabilistic  calculation  to  describe  target  detection 
along  all  radial  paths,  or  all  paths  with  (say)  10  km 
as  the  distance  of  closest  approach. 

Let  P(g;s)  be  the  probability  distribution  of  the  root 
required  height  g  at  a  position  on  a  straight-line 
path  parameterised  by  s.  The  two-point  correlation 
function  of  g(s)  is,  from  Eqn  4: 

p(so,si)  =  expM  a(s')ifs'|  . 

\  J’o  I  (7) 

This  exponential  form,  together  with  the  assunted 
normal  distribution  forg(s) ,  means  that  g(s)  is 
described  by  a  normal  Markov  process^. 
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This  in  turn  means  that  the  probability  distribution 
function  for^s),  P(g;s),  obeys  the  (forward) 
Kolmogorov  equation^: 

ds  dg^ 

+  o(s)P  (g;s) 

^Kg[P(g;s)]  . 

(8) 

In  this  equation,  a(s)  is  the  rate  of  decorrelation  at  a 
position  s  along  the  path,  fiis)  is  the  mean  value  of^ 
at  position  s,  and  <7  is  the  (range-independent) 
st2mdard  deviation  of  g.  The  quantities  a,  ft,  and  a 
depend  on  the  range  to  the  radar  site,  the  radar 
height  and  the  terrain  type;  the  different  possible 
paths  are  described  through  the  dependence  of  the 
range  R  upon  the  distance  s.  For  example,  for  radial 
paths  beginning  at  range  R®,  that  range  is  (RP  -  s).  For 
non-radial  paths,  the  range  depends  on  the  distance 
of  closest  approach,  as  wdl  as  upon  rP  and  $.  The 
operator  J^IP(g;s)l  is  defined  by  the  right-hand-side 
of  Eqn  8. 

Because  the  Kolmogorov  equation  is  a  parabolic 
partial  differential  equation,  it  is  easy  to  solve 
numerically  for  a  range  of  boundary  conditions^. 

As  an  example  of  the  use  of  this  equation,  consider 
the  problem  of  the  range  at  which  a  terrain- 
following  target  flying  along  an  incoming  radial 
path,  starting  at  a  range  rP,  first  becomes 
unshadowed.  Suppose  that  the  target  flies  at  a 
height  hi  above  the  terrain.  This  means  that  the 
target  will  first  become  unmasked  when  the  required 
height  for  a  line  of  sight  first  drops  below  hi;  that 
is,  when  the  root  required  height  g(r)  first  drops 
below  Phi.  The  probability  that  the  target  has 
become  uitthadowed  at  or  before  range  R  is  equal  to 
the  probability  that  g(r')  drops  below  Phi  between 
R’  =  R°andR'=R. 


of  the  target  height  Phi;  the  resulting  distribution 
function  P(g;s)  then  refers  to  that  subset  of  paths  in 
which  the  root  required  height  g  has  never  passed 
Phi-  Therefore,  the  probability  at  any  position  s 
that  g  has  never  passed  Phi  (and  consequently  the 
target  has  never  become  unscreened)  is; 

P  (  the  target  has  not  yet  become  visible  ) 

=  dgP{g;s). 

JvS7  (10) 

Figure  7  illustrates  this  approach.  A  number  of 
different  curves  are  shown,  indicating  the 
distribution  function  Pig)  at  different  positions  s 
along  the  path.  The  lowest  curve  illustrates  the 
initial  state:  g  is  normally  distributed,  with  a  rather 
high  mean  value  /t(s=so).  As  the  target  progresses 
along  the  path,  the  distribution  function  moves  over 
to  the  left,  until  it  reaches  the  boundary  at  Phi.  The 
boundary  condition  of  Eqn  9  is  applied,  so  that  the 
part  of  the  distribution  function  which  refers  to 
paths  which  have  passed  the  point  g  =  Phi  has 
vanished.  The  probability  that  a  target  path  has 
not  passed  this  point  is  equal  to  the  area  under  the 
curve. 


P(g.s,) 


Figure  7 

Illustration  of  the  evolution  of  the  probability 
distribution  function  P(g;s) 


To  calculate  this  probability,  the  Kolmogorov 
equation  is  integrated  from  R'  =  R^  to  R’  =  R.The 
initial  stale  for  P{g;s)  is  the  distribution  function  for 
the  root  required  height  g  at  the  initial  position  R^, 
PtgIRPn  or  P(g;s=0).  This  is  a  normal  distribution 
with  mean  iURP)  and  standard  deviation  <t.  By 
integrating  Eqn  8  from  this  initial  state,  the 
distribution  of  g(R)  at  any  range  R  (ie  any  position  s 
along  the  path)  can  be  found.  If  the  bouiidary 
condition 

P{giih^;s)  =  0  (< 


Hgute  8  illustrates  the  results  which  can  be 
otoined.  The  curve  shows  the  probability, 
calculated  from  the  Kolmogorov  equation,  that  an 
incoming  radial  target  approaching  a  low-relief  site 
has  yet  to  enter  a  dutter^  cdl;  that  corresponds  to 
setting  the  target  height  hi  to  zero.  The  figure  also 
shows  the  result  obtained  for  the  particular  site. 
Spruce  Home;  by  explidtly  examining  eadi  of  360 
radial  paths.  The  curve  was  very  muA  quicker  to 
obtain  computationally  (~  2  seconds  cpu  time),  attd  it 
clearly  gives  similar  results  to  the  site-sfiedfic  case. 


is  applied,  that  is  equivalent  to  removing  from  the 
distribution  function  all  paths  for  which  the  root 
required  height  g  has  dropped  below  the  square  root 


32-S 


Ranqe  (  km  1 

Figure  8 

The  probability  that  an  incoming  radial  target  has 
yet  to  encounter  a  cluttered  cell 

A  very  similar  calculation  can  be  used  to  find  the 
probability  that  a  target  at  a  given  range  has  been 
detected.  Detection  probabilities  per  unit  length  of 
path  can  be  defined  for: 

regions  where  the  target  is  unmasked  but  in 
clutter,  ie  g  <  0; 

regions  where  the  target  is  masked  and  clear  of 
clutter,  ie  0  5  ^  <  Vhj; 

regions  where  the  target  is  masked  by  the 
terrain,  ie  V/t/  i  g  (the  detection  probability 
per  unit  range  will  be  zero  in  this  case). 

In  place  of  the  simple  boundary  condition  of  Eqn  9,  an 
additional  term  is  added  to  the  Kolmogorov  equation 
(Eqn  8); 

K,[P(g;s)]-> 

hi)P(g;s) 

(11) 


,  g>fhi-. 

.  gifiTt .  Q2) 

it  is  just  as  straightforward  to  evaluate  (for 
example)  the  range  at  which  there  is  a  50%  chance 
that  a  target  has  been  detected  as  is  it  to  find  the 
range  at  which  there  is  a  50%  chance  that  it  has 
been  unmasked. 


Conduskms 

The  non-site-specific,  stochastic  model  of  land 
clutter  visibility  and  of  terrain  screening  of  targets 
described  in  this  paper  appears  to  fit  the  data  well. 
The  model  accounts  for  the  correlations  in  target 
screening  and  clutter  visibility,  as  well  as  their  mean 
levels.  It  makes  it  possible  to  answer  quite  detailed 
questions  (eg  concerning  the  length  of  track  which  is 
likely  to  be  available  to  a  land-based  radar  system) 
relating  to  general  classes  of  sites,  with  a  high 
degree  of  computational  efficiency. 
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DISCUSSION 


E.  Luneburg,  GE 

The  approaching  aircraft  follows  the  natural  terrain.  Is  this  accounted  for  in  your 
modelling? 

Author's  Reply 

The  aircraft  follows  the  terrain  in  the  sense  that  it  remains  at  a  constant  height  above  the 
local  terrain  (e.g.,  it  goes  up  when  it  encounters  a  hill).  The  model  does  not  account  for  the 
possibility  that  the  aircraft  might  choose  to  fly  around  a  hill  rather  than  over  it;  however,  modelling 
such  detailed  aspects  of  the  aircraft's  trajectory  is  probably  better  done  in  a  site-specific 
framework. 
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1.  Introduction 

The  Alberta  Research  Council  operates  a  unique  vari¬ 
able  polarization-diversity  10  cm  radar  at  its  facility  in 
Penhold,  Alberta  (located  adjacent  to  CFB  Penhold,  at 
52.2"N,  113.8"W,  and  elevation  904  m).  This  radar  is 
part  of  a  meteorological  radar  complex  owned  and  op¬ 
erated  by  the  Alberta  Research  Council.  This  facility, 
which  also  includes  6  cm  and  3  cm  radars,  is  primarily 
used  for  meteorological  and  radio  propagation  re¬ 
search. 

Weather  radars  have  been  used  at  this  facility  since 
1957  to  study  severe  storms  in  central  Alberta.  These 
studies  were  designed  to  gather  information  on  the 
mechanisms  of  hailstorm  and  hailstone  formation  and 
growth,  and  to  assess  the  effectiveness  of  weather 
modification  techniques.  With  the  addition  of  com¬ 
puter  interfaces  in  1974,  a  systematic  archive  of  radar 
data  was  initiated.  This  archive  now  includes  close  to 
2(X)  Gb  (giga-bytes)  of  data,  representing  approxi¬ 
mately  12,0(X)  hours  of  multi-parameter  radar  data. 

In  addition,  approximately  18  Gb  of  data  was  recorded 
between  1983  and  1986  aboard  an  instrumented  air¬ 
craft  flying  through  significant  storm  conditions. 

Also,  quantitative  precipitation  reports  (rain,  hail) 
were  obtained  from  approximately  600  ground  stations 
within  the  radar  coverage,  for  each  year  from  1974  to 
1986. 

In  recent  years,  a  number  of  interesting  research  pro¬ 
jects  have  been  conducted,  based  on  the  polarization 
capabilities  tjf  the  10  cm  radar,  with  the  objectives  of 
quantifying  and  cftssifying  meteorological  radar  phe- 
immena  (weather  dutter).  This  paper  will  describe 
the  unusual  pdarization  features  of  this  radar,  and 
provide  an  overview  of  recent  and  on-going  weather 
dutter  foaoarch  projects.  These  projects  include  the 
discrimination  trf  dntter  type  (rain  or  hail)  based  on 
polarisation  parameters,  the  measurement  at  rainfall 


by  differential  propagation  phase,  and  the  statistical 
examination  of  bright-band  phenomena  (the  transition 
zone  between  snow  and  rain).  Mention  will  also  be 
made  of  hydrometeorological  applications  (primarily 
involving  a  C-band  radar  which  is  also  part  of  the  fa¬ 
cility). 

2.  The  Alberta  Research  Council  Radar  Facility 

a)  Polarization  Diversity  S-band  Radar 

The  S-band  radar  system  was  primarily  designed  to 
perform  research  on  rain  and  hail  precipitation,  and 
many  of  its  design  features  reflect  this  research  orien¬ 
tation.  The  transmitter  uses  a  coaxial  magnetron  with 
a  frequency  of  2.88  GHz,  a  pulse  duration  of  1.06  pS,  a 
PRF  of  478  Hz,  and  a  peak  power  of  460  kW.  The  an¬ 
tenna  assembly  consists  of  a  6.7  meter  diameter 
parabolic  reflector,  fed  by  a  feedhom  and  turnstile,  to 
which  are  connected  two  rectangular  waveguides.  This 
is  shown  in  figure  1.  The  antenna  has  a  gain  of  43.2 
dB  and  a  3  dB  beamwidth  of  1.16  degrees  in  both  az¬ 
imuth  and  elevation.  The  antenna  is  capable  of 
transmitting  elliptically  polarized  radiation  at  any  cho¬ 
sen  axial  ratio  or  orientation,  and  receiving  both  that 
pcdarization  and  the  orthogonal  polarization  simulta¬ 
neously. 

The  polarization  diversity  capabilities  of  the  radar  are 
derived  from  the  turnstile,  which  couples  the  two 
waveguides  to  a  drcular  dual-mode  feedhom.  The 
turnstile  converts  the  linearly  polarized  signal  from  ei¬ 
ther  rectangular  wavefpiide  to  circular  polarization. 
The  lower  waveguide  signal  is  transformed  to  left- 
hand  circular  polar.^zaticn  and  the  upper  waveguide 
gtgniil  is  similar^  transformed  to  right-hand  circular 
polarization.  Whmi  there  are  agnals  in  both  wave¬ 
guides,  the  two  signals  combine  into  an  elliptically  po- 
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larized  wave.  If  the  two  signals  are  equal,  the  polariza¬ 
tion  becomes  linear.  The  tumstUe  is  bidirectional; 
thus,  elliptical  waves  received  by  the  antenna  are  re¬ 
solved  back  into  the  two  circularly  polarized  compo¬ 
nents  which  are  transformed  to  linear  and  fed  to  the 
iwo  waveguides,  which  are  connected  to  two  receivers. 

A  phase  shifter  alters  the  phase  of  the  lower  waveg¬ 
uide  signal  relative  to  the  upper  waveguide,  thus  in¬ 
troducing  a  phase  shift  between  the  two  signals  as 
they  reach  the  turnstile.  If  the  two  signals  are  equal 
amphtude  with  no  phase  shift,  a  vertically  polarized 
wave  is  transmitted.  If  the  two  signals  are  equal  am¬ 
plitude  with  a  180  degree  phase  shift,  a  horizontally 
polarized  wave  is  transmitted.  Antenna  polarization  is 
controlled  by  a  power  divider  which  determines  the 
relative  power  fed  to  each  waveguide.  The  normal  op¬ 
erating  mode  is  to  adjust  for  a  total  mismatch,  which 
transmits  left-hand  circular  polarization  and  receives 
left-hand  circular  to  one  receiver  and  right-hand  cir¬ 
cular  to  the  other. 

The  antenna  normally  performs  a  volume  scan,  rotat¬ 
ing  clockwise  at  approximately  8.2  r.p.m.  and  spiralling 
upwards  at  one  degree  per  rotation  to  an  upper  eleva¬ 
tion  limit  of  either  8  or  20  degrees.  Prior  to  being 
digitized,  the  signals  are  integrated  to  a  range  resolu¬ 
tion  of  1.05  km  per  range  gate.  Data  is  recorded  in  147 
range  gates,  from  3  km  to  167  km.  The  azimuthal 
resolution  of  the  recorded  data  is  one  degree,  which  is 
the  result  of  summing  the  ten  adjacent  pulses  occur¬ 
ring  in  degree  of  rotation.  Table  1  summarizes  the 
main  featiues  of  the  S-band  radar  system.  A  remote, 
variable-polarization  transmitter,  situated  on  top  of  a 
27.4  m  tower  located  400  m  from  the  radar,  is  used  for 
calibration. 


Fignral:  8-band  radar  antenna  aaoombly. 


b)  Software  System 

A  comprehensive  radar  software  package,  developed 
and  maintained  by  ARC,  is  responsible  for  all  radar 
control,  data  logging,  processing,  and  display.  This 
software  can  synchronously  control  any  of  the  three 
radars  making  up  the  complex,  while  recording  the 
raw  radar  data.  Due  to  the  research  orientation  of  the 
past  radar  operations,  processing  and  display  generally 
takes  place  off-site,  using  logged  data.  The  processing 
software  consists  of  a  variety  of  specialized  functions, 
to  which  new  functions  can  be  added  easily  and 
quickly.  The  display  software  consists  of  a  generaUzed 
set  of  routines  and  drivers  which  can  produce  displays 
on  a  wide  variety  of  graphics  terminals,  workstations, 
and  hardcopy  devices. 

Two  reflectivity  channels  (normal  and  orthogonal  po¬ 
larization)  and  two  channels  of  differential  polariza¬ 
tion  phase  are  recorded  simultaneously  from  the  S- 
band  radar,  as  well  as  the  signals  from  the  other 


Table  1:  Normal  Operating  Characteristics  of  the 

ARC  S-band  Polarization  Diversity  Radar  System 

Frequency 

2.88  GHz 

Polarization 

LHC 

Beam  width 

1.15  degrees 

Diameter  (antenna  reflector) 

6.67  m 

Gain 

43.2  dB 

Peak  power 

460  Kw 

Pulse  width 

1.05  ps 

PRF 

478  Hz 

Range  gate  size 

1.05  km 

Number  of  gates 

147 

Time  averaging 

21  ms  per  bin 

Measurements 

(i) 

RHC  (co-polar)  power 

(ii) 

LHC  (crow-polar) 
power 

(iii) 

correlation  of  LHC 
and  RHC  skoals 

(iv) 

phase  between  LHC 
and  RHC  signals 

radars  in  the  complex.  In  keeping  with  the  research 
philosophy  of  corrupting  the  data  as  little  as  possible, 
the  only  preprocessing  done  before  recording  is  that 
necessary  to  optimize  the  A/D  conversion  process. 

E]ach  ray  (the  echo  signal  for  one  azimuth-integrated 
pulse)  IS  compressed  by  removing  bins  which  fall  be¬ 
low  a  threshold,  and  a  header  containing  the  current 
time,  azimuth,  and  elevation  is  added.  The  com¬ 
pressed  data  from  a  number  of  rays  is  then  collected 
into  a  data  block,  recorded  on  tape,  and  possibly  also 
directed  for  concurrent  processing  and  display,  '’’he 
data  is  stored  sequentially  in  the  same  range  - 
azimuth  -  elevation  format  as  when  it  was  acquired, 
with  a  resolution  of  one  km  in  range  and  one  degree  in 
azimuth  8uid  elevation.  This  archival  policy  allows 
maximum  flexibility  in  later  reconstruction  of  radar 
products. 

Base  products  are  generated  f '  om  the  signals  recorded 
from  the  four  received  channels.  These  include  the 
reflectivity,  the  differential  reflectivity  (in  dBZ),  the 
circular  depolarization  ratio,  the  apparent  mean  ori¬ 
entation  angle,  and  the  degree  of  common  hydrometer 
alignment.  The  differential  polarization  phase  data 
can  be  used  to  correct  the  other  values  for  the  effects 
of  precipitation  attenuation  along  the  pathlength 
(using  the  equations  of  Bebbington  et  al.S.  Rainfall 
rates  may  be  generated  from  dBZ  values  using  the 
Marshall-Palmer  equation  and  may  be  integrated  over 
selected  areas  and  time-periods  to  produce  average 
basin  rainfall  intensities.  Special  functions  exist  for 
processing  storms,  including  functions  to  define  the 
area  of  a  storm,  calculate  its  centroid  (either  with  or 
without  dBZ  weighting),  and  identify  contiguous  echo 
areas  to  allow  tracking  of  multiple  storms  over  time. 
Further  processing  is  generally  applied  to  define  a 
spatial  format  (selecting  a  plane  within  the  radar  vol¬ 
ume)  which  is  then  displayed  pictorially. 

c)  Radar  Parameters 

Four  channels  of  data  are  amultaneouolv  recorded 
from  the  S-band  radar.  'These  are  the  co-polar  signal 
power  (Wj),  the  cross-polar  signal  power  (W^),  and  the 
magnitude  and  phase  of  the  complex  correlation  of  the 
two  (W).  With  the  addition  of  the  radar  constant  (C), 
the  slant  range  (r)  and  the  atmospheric  refraction  con¬ 
stant  (K),  it  is  posable  to  calculate  the  equivalent  re¬ 
flectivity  factor  (Z^),  the  differential  reflectivity  fac¬ 
tor  (Zqj^),  the  circular  depolarisation  ratio  (CDR),  the 
apparent  mean  orientation  an^  (ALO).  and  the  de¬ 
gree  of  common  hydrometer  atignment  (ORTT). 
Equations  for  these  values  are  given  as  foQows: 


z 

e 

=  lOlog^O  f  W,r2  \ 

\  C|K|2  / 

=  lOlogjjj  Wj  +  Wg  -  2Rt(W) 

\  Wj  +  Wg  +  2  Re{W) 

CDR 

=  lOlogj^lWj/W^) 

ALD 

=  Uarg(W)-v] 

ORTT 

-  |W| 

(WjW^)** 

It  should  be  noted  that  the  Z^j^  measured  with  circu¬ 
lar  polarization  is  an  estimate  of  a  parameter  normally 
measured  with  linear  polarization.  The  estimate  is  ac¬ 
curate  so  long  as  the  mean  canting  angle  of  the  scat¬ 
tering  particles  is  small.  (Normally,  this  is  applied  to 
raindrops,  which  generally  satisfy  this  criteria  by 
having  a  mean  canting  angle  which  is  approximately 
vertical.  Other  types  of  scattering  particles  often  have 
randomly  distributed  canting  angles,  which  also  satis¬ 
fies  this  criteria).  Other  values,  such  as  estimated 
rainfall,  can  be  derived  from  the  above,  as  described  in 
the  following  sections. 

•*1.  Recent  Applications 

Research  conducted  with  this  radar  has  been  con¬ 
cerned  primarily  with  the  effects  of  weather  clutter 
on  circularly  polarized  signals.  Precipitation  in  the 
radar  path  distorts  the  polarization  from  circular  to 
elliptical:  severe  precipitation  can  completely  reverse 
the  polarization.  Using  the  two  orthogonal-polariza¬ 
tion  receivers,  these  distortions  can  be  accurately  mea¬ 
sured.  The  following  projects  illiistrate  some  of  the 
potential  appUcations  for  these  measurements  that  are 
being  explored. 

3.1  Hail/rain  discriminatioa 

An  apptication  which  is  of  consideraUe  interest  is  to 
classify  weather  clutter,  based  on  ptdarization  parame¬ 
ters  of  the  rwlar  signals.  An  in-depth  stuify  was  car¬ 
ried  out  to  klentify  and  separate  rain  from  mring 
ARC  S-band  radar  data^.  In  addition  to  the  radar 
data,  ground  reports  were  obtained  from  several  hun¬ 
dred  vcdunteers  distriboted  throu^ont  the  area  cov¬ 
ered  I7  the  radar.  These  reports  were  used  to  corrob¬ 
orate  the  radar  fiiHlings. 
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It  is  to  be  expected  that  the  polarization  parameters 
would  be  different  for  raindrops  and  hailstones,  be¬ 
cause  of  the  differences  in  shape,  orientation,  and 
falling  behavior.  Large  raindrops  are  generally  oblate 
spheroids,  with  canting  angles  (minor  axis  of  the 
spheroid)  nearly  vertical.  They  tend  to  be  fairly  uni¬ 
form,  particularly  in  orientation.  Hailstones,  on  the 
other  hand,  are  generally  irregular  in  shape  and  tum¬ 
ble  as  they  fall,  resulting  in  random  orientations.  Ac¬ 
cordingly,  it  is  expected  that  for  hail  and  rain  with 
equivalent  reflectivity  Z^,  the  hail  would  have  lower 
values  of  ORTT  and  Z^j^,  while  the  CDR  would  be 
lower  or  possibly  higher,  depending  on  the  shape  and 
behavior  of  the  hailstones. 

After  examining  various  combinations  of  these  pa¬ 
rameters,  it  was  found  that  the  ratio  of  to  Z^  pro¬ 
vided  the  best  basis  for  this  discrimination.  Figure  2 
provides  a  scatter  graph  of  results,  using  this  ap¬ 
proach,  for  a  niunber  of  storm  conditions.  The  three 
open  symbols  used  in  this  figure  represent  case  studies 
where  only  rain  was  present  at  the  ground,  while  the 
four  closed  symbols  represent  cases  where  hail  wa  ■  ob¬ 
served.  Figures  3  and  4  present  PPI  displays  of  Z^  and 
Z respectively.  Figure  4  corresponds  very 
closely  to  the  reports  of  hail  and  rain  from  the  groimd 
stations.  It  can  be  seen  that  the  areas  of  hail  are  not 
always  in  the  areas  of  highest  reflectivity.  (The  re¬ 
flectivity  data  was  corrected  for  propagation  errors 
using  the  differential  propagation  phase,  using  the 
method  of  Bebbington,  et  al.‘). 

3.2  Rainfall  Measurement  by  Differential 
Propagation  Phase 

A  project^  concerning  the  measurement  of  rainfall  by 
polarization  diversity  radar  was  conducted  jointly  by 
the  Alberta  research  Council  and  the  University  of 
El^ex  in  the  summer  of  1989.  The  objective  of  the  ex¬ 
periment  was  to  test  the  theory  that  differential  prop¬ 
agation  phase  shift  can  give  a  better  estimate  of  rain¬ 
fall  with  high  rainrates  (about  30  mm/hr  and  greater) 
than  reflectivity  measurements. 

As  an  electromagnetic  wave  propagates  through  pre¬ 
cipitation,  it  is  progressively  attenuated  and  shifted  in 
phrae.  Because  of  this  process,  quantitative  mea- 
surmnents  of  reflectivity  and  polarization  for  objects 
of  intmest  will  be  attenuated  and  phase-shifted  by 
precipitation  in  the  path.  (In  this  experiment,  the  ob¬ 
jects  oi  interest  w«re  areas  of  rainfaU  which  were  sep¬ 
arated  from  the  radm  by  othm’  sreas  of  rainfaU). 

With  raindrops,  and  other  hi^y  mwted  dutter,  the 
attenuatimi  and  fdiase  shift  are  different,  depending 


Z.  (dBZ) 


Figure  2:  Scatter  plot  of  corrected  Z^^  vs  Z^  for 
three  rainstorms  and  four  rain/hail  mixture  storms. 

o  28  July  1983  (3  mtn/hr  rain] 

4.  8  July  1983  (S6  mm/br  rain) 

O  24  July  1983  (77  mm/hr  rain) 

T  31  July  1982  (4S  mm/hr  rain  and  pea-size  ha.l) 
a  12  July  1983  (38  mm/hr  rain  and  grape-size  hail) 

A  IS  August  1983  (83  mm/hr  rain  and  grape-size  hail) 
a  25  June  1984  (52  mm/hr  rain  and  walnut-size  hail) 


on  whether  horizontal  or  vertical  polarization  is  used. 
These  differences  are  quantified  as  differential  atten¬ 
uation  and  differential  propagation  phase.  As  circular 
polarization  can  be  decomposed  into  vertical  and  hori¬ 
zontal  polarization  compo^.ents  with  a  relative  phase 
shift  of  90  degrees,  these  differential  quantities  can 
be  measured  using  circular  polarization.  At  S-band 
frequendes,  only  the  differential  propagation  phase  is 
significant. 

There  is  strong  evidence^  that  for  heavy  rainfall,  the 
differential  phase  shift  is  a  much  better  estimator  of 
rainfall  rate  than  the  reflectivity  is.  With  the  ARC  S- 
band  radar,  the  differential  phase  shift  ip^p  is  mea¬ 
sured  directly.  F,  jm  this  a  differential  phase  shift 
constant  Kpp  is  derived  for  each  bin,  and  the  rainfaU 
rate  is  calculated  from  that  value,  using  the  formula 

Kj)P  =  (vf  -  Vqp  )/L 

=  R^  ^®/3.172  X 

where  n  is  the  range  gate  number,  L  is  the  gate 
length,  Pjjp  is  the  differential  phase,  R  is  the  rainfaU 
rate,  and  X  is  the  waveloogth. 

The  project  comprised  a  field  eiqieriment  that  was 
conducted  in  central  Alberta  during  the  pmiod  20  July 
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Maximum  Z, 


Figure  3:  Reflectivity  map  for  August  15, 1983 
storm.  (Range  rings  are  at  20  km  intervals). 


Z,/Zdr  Combination 


Figure  4:  Hail  occurance  map,  based  on  Z  /Zqp  ,  for 
August  15, 1983  storm.  (Range  rings  are  ai  2(l&i 
intervals). 


to  2  August  1989.  The  field  experiment  involved  ob¬ 
serving  storms  within  about  a  70-km  radius  from 
Penhohi  with  the  S-band  radar  and  measuring  rainfall 
at  the  ground  through  a  network  of  fixed,  volunteer 
obeervers  and  a  mobile-diase  operation. 

Data  collected  on  three  days  during  the  experiment, 
totalling  31  time-reaotvnd  aanqries,  have  been  ana¬ 
lysed.  These  data,  cmnparing  the  predicted  rainfall 
amounts  from  the  Kj^  and  Z-R  methods  with  ground 
measurements,  ate  {dotted  in  flgurs  6.  The  solid  line 
lepiescnts  cou^dete  agreement  between  the  radar 


Figure  6:  Com{>ari8on  of  rainfall  amounts  measured 
at  the  ground  with  those  piredicted  by  radar,  using 
,  (x)  and  Marshall-Palmer  Z-R  relationships  (  • ). 
solid  line  is  a  one-to-one  ratio;  the  dotted  lines 
indicate  a  factor  of  two  difference). 


(The 
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predictions  and  groimd  measurements.  The  dotted 
lines  represent  a  factor  of  2  difference  between  the 
predictions  and  measurements.  Elvents  that  were 
known  to  have  hail  present  are  identified.  All  but  3  of 
the  31  Kqp  predictions  he  within  the  factor-of-2  limits. 

The  average  ratio  of  total  rainfall  predicted,  based  on 
the  differential  propagation  phase,  to  the  total  rainfall 
measured  at  the  ground  is  1.16  for  the  31  samples. 
This  suggests  that  on  average,  the  total  rainfall 
amount  predicted  from  K^p  is  only  16%  higher  than 
that  measured  at  the  ground.  Predictions  using  a  Z-R 
relationship,  on  the  other  hand,  result  in  a  large  over¬ 
estimate  of  the  groimd  rainfall.  Using  the  Marshall- 
Palmer  Z-R  relationship,  the  average  ratio  of  total 
rainfall  predicted  to  the  total  rainfall  measured  at  the 
ground  is  2.43  for  this  data. 


3.3  Statistics  of  the  Radar  Bright  Band 

Statistical  information  on  the  attenuation  of  satellite 
communication  signals  by  precipitation  is  useful  in  the 
planning  of  satellite  S3rstems.  With  the  long-term 
plans  to  use  the  18, 20  and  30  GHz  bands  for  satellite 
communications  and  the  existence  of  shared  frequen¬ 
cies  in  these  bands  with  terrestrial  links,  there  is  a 
need  to  develop  interference  prediction  models.  One 
interference  mechanism  for  which  no  current  predic¬ 
tion  techniques  exist  and  which  may  pose  a  particular 
problem  in  Canada  is  scattering  from  the  melting 
level.  This  is  a  layer  where  snow  from  higher  levels  is 
warmed  above  freezing,  and  becomes  rain  which  falls 
to  the  ground.  This  layer  results  in  a  "bright  band"  on 
radar  reflectivity  plots,  due  to  the  fact  that  melting 
snow  has  a  much  higher  effective  radar  cross-section 
than  either  snow  or  rain  of  the  same  water  content. 

Plans  to  develop  an  interference  prediction  technique 
for  melting  snow  scatter  in  Canada  prompted  the 
Communications  Research  Centre  to  sponsor  a  study 
to  obtain  measurements  of  melting  level  reflectivity 
statistics,  using  the  Alberta  Research  Council  S-band 
radar.  A  feasiUlity  study  was  oonducted*^  during 
which  melting  level  statistics  were  compiled  from 
archived  radar  data,  for  five  days  of  stratiform  rain 
from  1663  and  1966.  Examides  d  statistics  for  these 
five  diqre  are  given  in  figures  6-10.  These  figures  pre¬ 
sent  vntical  reflectivity  profiles,  whidi  are  itofined  as 
the  cumulative  statiatics  oS  radar  reflectivity  exceeded 
for  10%  of  the  time.  Eadi  point  on  eadi  d  tiiese  fig¬ 
ures  represents  a  cumulative  statistic  from  betwewi 
60,000  and  300,000  biim  of  rrflectivity  data.  Typcally, 
the  hri^t  band  showed  a  reflectivity  enhancement  of 
about  6  dB  and  a  thkkness  of  600  meters. 
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Figure  6:  Reflectivity  profile  statistics 
from  June  30, 1983. 
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Figure  7:  Reflectivity  profile  statistics 
from  July  14, 1983. 
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Figure  8:  Reflectivity  profile  statistics 
from  July  28, 1986. 


2.« 
2.5 
2  4 
2.3 


1.( 


Reletive  retleetivitf  feeler  (di) 


ter  1M  Pref  tie 


■sdien  <•).  fM  ft  MR  (•)  levels 
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Figure  10:  Reflectivity  profile  statistics 
from  August  21, 1986. 
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3.4  Hydrometeorological  Applications 

Another  application  of  radar  data,  related  to  weather 
clutter,  is  hydrometeorology.  This  generally  involves 
the  cumulative  quantitative  measurement  of  precipi¬ 
tation  over  a  specified  area  and  a  given  length  of  time. 
The  area  may  be  a  farmer’s  field  or  a  river  basin,  and 
the  length  of  time  may  be  hours  or  days.  This  infor¬ 
mation  is  useful  in  a  variety  of  applications,  such  as 
agriculture,  flood  control,  and  water  management. 
Research  in  this  field  at  the  Alberta  Research  Council 
to  date  has  used  the  C-band  radar,  which  provides  only 
reflectivity  information  from  which  the  rainfall  is  cal¬ 
culated. 

In  a  study  of  needs  for  quantitative  prediction  of  con¬ 
vective  precipitation®,  jointly  sponsored  by  the  Hy¬ 
drometeorological  Research  Division  of  the  Canadian 
Climate  Centre  and  the  Atmospheric  Environment 
Service  (Central  Region),  water  resource  planners 
identified  a  strong  requirement  for  timely  information 
regarding  convective  storm  paths  and  precipitation 
amounts.  Over  the  last  two  summers,  the  Alberta  Re¬ 
search  Council  has  pursued  the  establishment  and  op¬ 
eration  of  an  unmanned  operational  radar  designed 
for  storm  monitorii^  and  precipitation  measurement. 
Two  projects  were  developed  and  completed,  in  1989, 
which  illustrated  the  potential  hydrometeorological 
applications  of  radar  rainfall  measures  using  the  O- 
band  weather  radar. 

The  results  from  the  Alberta  Hail  and  Crop  Insmwice 

7  ft 

Corporation  (AHCIC)  project  ’  demonstrated  that 
combining  radar  and  gauge  measurements  produces 
rainfall  estimates  superior  to  those  produced  by  either 
okme.  The  hydrologic  modelling  of  small  Alberta  ru¬ 
ral  basins  study  was  carried  out  to  examine  the  feasi¬ 
bility  of  integrating  radar  measurements  of  rainfall 


with  a  distributed  hydrologic  model  to  provide  real¬ 
time  runoff  forecasting  for  small  rural  catchments. 
The  analysis®  suggests  that  it  is  possible  to  interface 
the  radar  data  to  any  number  of  hydrologic  models. 
Agencies  responsible  for  the  forecasting  and/or  miti¬ 
gating  the  impacts  of  floods  caused  by  convective 
storms  over  Rmall  rural  catchments  would  benefit 
from  the  development  of  this  application. 


4.0  Current  and  Future  Radar  Operations 

The  immediate  prc^am  for  the  ARC  radar  facility  in¬ 
volves  operations  over  the  summer  season,  from  May 
1, 1991  to  September  30, 1991,  which  covers  the  period 
when  most  of  the  more  interesting  precipitation 
events  are  expected  to  occur.  During  this  period,  the 
C-band  radar  will  be  run  continuously,  to  provide  unin¬ 
terrupted  hydrometeorological  data,  weather  fore¬ 
casting  support,  and  to  monitor  for  significant  precipi¬ 
tation  events.  When  significant  precipitation  events 
are  detected,  the  S-band  radar  will  be  used  to  acquire 
polarization  and  reflectivity  data.  One  form  of  signifi¬ 
cant  precipitation  includes  severe  convective  storms, 
which  will  be  used  to  continue  the  studies  on  rain-had 
discrimination  and  differential  phase  (as  described  in 
sections  3.1  and  3.2),  in  association  with  researchers 
from  the  University  of  Essex  (UK).  Another  form  of 
significant  precipitation  includes  widespread  strati¬ 
form  rain,  which  will  be  used  to  continue  statistical 
studies  of  the  bright  band  (as  described  in  section  3.3) 
in  association  with  the  Communications  Research 
Centre  (Ottawa).  Other  projects  in  this  program  will 
involve  researchers  from  various  other  academic  and 
government  organizations. 

Future  considerations  for  the  radar  facility  include  a 
number  of  promising  possibilities.  Among  these  are  a 
proposal  to  add  coherent  reception  and  Doppler  capa¬ 
bilities  to  the  S-band  radar,  increased  diversification 
away  from  strictly  meteorological  applications,  and 
the  possibility  of  moving  one  or  more  of  the  radars  to 
a  second  site. 
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DISCUSSION 


E.  Luneburg,  GE 

Do  you  intend  to  measure  the  Mueller  matrix  by  power  measurements  only? 

Author's  Reply 

At  the  moment,  the  answer  is  no.  We  are  limited  by  the  measurements  we  can  make  now. 
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Round  Table  Discussion 

SESSION  I,  PART  A:  CLUTTER  MODELS  AND  MEASUREMENTS 

K.  C.  Yeh,  US:  Ladies  and  Gentlemen.  As  you  read  the  program,  you  will  find  that  this 
symposium  is  divided  into  two  parts  and  each  part  is  concluded  with  a  round  table  discussion.  The 
first  part  is  the  unclassified  part  and  the  second  is  classified.  The  members  of  the  round  table 
discussion  are  composed  of  session  chairmen  plus  one.  For  the  first  part  there  are  5  sessions  but 
session  1  has  part  A  and  part  B  so  there  are  6  chairs.  Mr.  Christophe  suggested  that  at  the 
beginning  of  this  meeting  that  each  chair  should  address  two  points  in  the  round  table  discussion. 

The  first  point  has  to  do  with  the  summary  of  papers  presented  followed  by  discussion  about 
future  directions.  We  w  ill  start  our  round  table  discussion  in  the  order  of  the  mcetin  g.  So  let  me 
ask  Mr.  Christophe  who  chaired  session  1,  part  A,  clutter  models  and  measurements.  He  will  talk 
about  his  session  first. 

F.  Christophe,  FR:  Les  trois  premieres  presentations  dans  cette  session  ont  decrit  les 
caracteristiques  d'une  importante  base  de  donnees  d'echos  de  sol,  mesur^s  aux  Etats-Unis  et  au 
Canada,  ^  des  frequences  depuis  la  VHF  jusqu'k  la  bande  X. 

L'utilisation  de  ces  donnees  pour  la  mise  au  point  de  modfeles  de  fouillis  et  la  prevision  des 
performances  des  nouveaux  systemes  radar  egalement  ete  presentee  dans  ces  communications. 

La  demarche  ainsi  illustree,  d'estimer  les  performances  de  systbmes  non  encore 
developpes  et,  eventuellement,  de  mettre  au  point  leur  traitement  ^  partir  des  modfeles  valides  sur  le 
terrain,  apparait  d'un  bon  rapport  cout/efficacite.  Cependant,  les  radars  du  futur  seront  -  et 
certains  le  sont  dejk  --  bistatiques  ou  polarimetriques  ou  k  haute  resolution  spatiale  ou  temporelle  et 
combineront  sans  doute  plusieurs  de  ces  caractferes.  Sera-t-il  alors  raisonnable  d'adopter  la  meme 
demarche  ou  bien  le  trfes  grand  nombre  des  parametres  necessaires  pour  decrire  les  donnees 
conduira-t-il  plutot  k  des  experimentations  representatives  de  chacun  des  systemes  envisages  et 
servant  k  valider  des  modkles  relativement  generaux? 

C'est  plut6t  dans  cette  dernikre  optique  qu’on  pent  situer  les  deux  communications 
suivantes:  Tune  (Papa  et  al.)  etablit  un  modkle  de  diffusion  bistatique  du  sol  recouvert  de 
vegetation  en  combinant  la  diffusion  de  surface  et  celle  de  volume  et  est  valide  par  comparaison 
avec  des  mesures.  L'autre  (Rao  et  al.)  analyse  experimentalement  la  variation  du  signal  refiechi 
vers  I'avant  selon  la  polarisation  de  I'antenne  de  reception  et  montre  I’existence  de  minima 
marques,  assez  proches  de  ce  que  les  modules  indiquent. 

On  puet  penser  que  la  prise  en  compte  optimale  du  fouillis  de  sol  par  les  radar  du  futur  fera 
appe!  k  de  telles  methodes  de  caracterisation. 

K.  C.  Yeh,  US:  After  each  presentation  we  will  have  a  question  period  or  comments  from  the 
floor.  However  we  will  follow  the  procedure  of  the  regular  presentation.  If  you  have  a  question  or 
comment  would  you  also  fill  out  a  question  form  so  it  can  be  recorded  and  published  in  the  final 
proceedings.  Any  questions  now  for  either  Mr.  Christophe  or  some  of  the  authors?  When  you 
take  the  mike  please  give  your  name  and  country. 

Le  Chevalier,  FR:  A  la  suite  de  ce  que  vlent  de  dire  Mr  Christophe,  je  voudrais  Inslster  sur  un  point 
qul  suscltera  sans  doute  d’autres  conunentalres,  la  moddlisation  des  cibles  et  du  clutter.  Sur  la 
mod£llsatlon  des  cibles.  11  me  semble  que  son  int6r6t  principal  n’est  pas  tellement  pour  la  detection 
mais  plutdt  pour  la  reconnaissance  ou  pour  la  dlscriniinatlon;  si  Ton  utilise  un  radar  pour  falre  un 
avant  projet  ou  pour  ddlnlr  ses  performances  en  detection  de  fagon  relativement  prfedse,  les 
modules  de  Swerling  ont  finalement  des  qualltte  satlsfalsantes,  par  contre  lorsque  Von  essaye  de 
pr6volr  les  performances  en  reconnaissance  d’un  radar,  et  d6sormals  tous  ont  besoln  d’une  function 
reconnaissance,  on  a  besoln  d’une  signature  radar  et  le  probltoie  de  la  base  de  donndes  se  pose 
effectlvement,  non  seulement  pour  mettre  au  point  le  radar  mals  auusi  pour  effectuer 
I’apprentissage  ntee»alre.  J’ai  I’tanpiesslon  que  les  modeiisatlons  61ectromagn£tlques  de  cibles 
sont  essentletlement  lnt€ressantes  pour  cette  function  discrimination,  cecl  impose  des  qualitfts  qu’ils 
n’ont  pas  actueOement.  C’est  k  dire  que  Von  demande  au  module  de  signature  de  reprksenter 
flnement  tous  les  effets  de  rugosltk  sur  la  dble,  tous  les  petits  details  qul  sont  utilises  par  la 
procedure  de  reconnaissance,  j’  al  I’lmpresslon  que  le  module  dolt  encore  falre  un  saut  qualltatif,  en 
partlculier  dans  les  hautes  frequences,  en  mllllroetrique  ou  en  bande  X  pour  les  rendre  utUlsables 
comme  base  de  doim€es  d’apprentlssage  pour  les  procedures  de  reconnaissance.  Peut-etre  est-ce 
Vobjectlf  k  se  fixer  pour  la  de^ltion  des  modeies  eiectromagnetiques  hautes  frequences  actuels. 
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K.  C.  Yeh,  US:  Anyone  wishing  to  respond?  If  not.  I'd  like  to  ask  for  more  comments  or 
questions  from  the  floor.  I  have  a  question.  I  find  that  in  experimental  work  the  experimenters  use 
a  set  of  parameters  to  describe  their  experimental  data,  usually  of  a  statistical  nature,  while  the 
theoreticians  use  a  different  set  of  parameters  to  model  the  terrain.  It  seems  to  me  there  is  a  gap 
between  the  two  approaches,  using  the  experimental  data  to  describe  data  and  using  a  physical 
model  for  the  terrain.  Is  that  notion  correct  or  not?  Do  we  have  people  who  are  authors  of  the  first 
session  here?  Any  comments  to  make? 

G.  C.  Sarno,  UK:  Yes,  I  agree.  There  is  a  gap  between  the  experimental  empirical  models  of  the 
ground  clutter  being  discussed  and  relating  them  to  the  physical  environment.  That  is  a  step  that 
should  be  taken.  To  close  the  gap  it  would  need  a  very  large  data  base  to  safely  compare  the 
abstract  parameters  of  your  models  with  those  of  the  terrain  features. 

SESSION  I,  PART  B 

M.  Vant,  CA:  This  session  was  a  continuation  of  the  discussion  of  clutter.  Our  session  was 
slightly  abbreviated  due  to  the  late  arrival  of  two  of  the  speakers  and  consisted  of  only  3  papers. 
These  papers  fell  into  two  broad  categories:  ionospheric  propagation  and  sea  clutter. 

The  first  paper  by  Knepp  dedt  with  the  phenomena  of  backscatter  enhancement  at  UHF. 
The  ionosphere  was  shown  to  enhance  propagation  over  the  case  without  scintillation  by  up  to  3 
dB  over  limited  time  periods  of  1  -  2  sec.  TTiis  area  is  not  in  my  field  of  expertise,  so  I  am  curious 
as  to  whether  this  is  an  infrequent  occurrence  or  happens  very  reliably  and  for  longer  periods  of 
time.  I  remember  our  concern  back  in  1978  over  possible  disturbance  by  the  ionosphere  of  the 
coherency  of  the  signals  from  the  SEASAT  Synthetic  Aperture  Radar  system.  This  system 
operated  at  L-Band  (1-2  GHz)  and  at  that  time  it  seemed  as  though,  in  the  Arctic,  the  signal  could 
be  disturbed  at  least  some  of  the  time.  Could  anyone  comment  on  this  discrepancy  between  the 
two  effects? 

The  second  two  papers  dealt  with  sea  clutter.  The  first  by  Dr.  Levy  consisted  of  a 
simulation  of  sea  backscatter  under  conditions  of  low  grazing  angle  and  the  presence  of 
evaporation  ducts.  She  presented  some  very  interesting  results.  These  results  were  based  on  a 
two-stage  model  of  the  sea  surface  and  used  a  parabolic  equation  approximation  for  the  scattering. 
The  main  thing  lacking  was  experimental  results  to  confirm  the  simulation.  The  second  sea  clutter 
paper  by  Corsini,  presented  some  experimental  results  for  sea  scattering  on  the  Mediterranean  Sea. 
He  compared  his  results  to  both  K-distributions  and  Weibull  clutter  distributions  and  found  a  better 
match  with  Weibull.  This  stimulated  some  discussion  on  the  on-going  K-distribution  vs  Weibull 
debate.  Dr.  Corsini  also  investigated  some  special  techniques  for  finding  a  better  match  to  the  tails 
of  the  distribution. 

Despite  the  fact  that  sea  clutter  measurements  have  been  going  on  for  a  long  time,  there  is 
still  a  lack  of  a  good  model  and  adequate  set  of  experimental  results  at  low  grazing  angles.  I  know 
from  my  own  experience  when  trying  to  evaluate  the  performance  of  search  radars  that  there  is 
very  little  available.  This  is  especially  true  when  it  comes  to  the  problem  of  assessing  techniques 
for  removing  the  effects  of  sea  spikes  by  their  scan-to-scan  integration  or  frequency  hopping.  I 
wonder  whether  the  model  of  Dr.  Levy  treats  the  problem  of  sea  spikes  adequately  in  her  two-stage 
model?  Do  the  spikes  arise  from  the  Bragg  scattering  from  the  capillary  waves  or  do  they  come 
from  foam  and  droplets  which  she  does  not  include  in  the  model?  In  summary,  I  think  it  is  safe  to 
say  that  despite  all  the  work  that  has  been  done,  there  is  still  quite  a  bit  to  do  in  this  area. 

K.  C.  Yeh,  US:  Thank  you  Dr.  Vant.  Any  questions  or  comments  or  remarks  from  anyone? 

S.  P.  Tonkin,  UK:  It  seems  that  there  is  a  difficulty  in  predicting  a  priori  the  backscatter  from  the 
sea  sufface,  as  we  do  not  know  the  physical  structure  of  the  sea  surface  at  small  scales  (e.g.,  the 
Bragg  scatterers).  Does  anyone  know  how  that  physical  structure  might  be  measured? 

K.  C.  Yeh,  US:  Anyone  have  any  bright  ideas  on  measuring  sea  state? 

J.  Mead,  US:  There  is  a  researcher  in  our  group  who  is  using  optical  techniques  to  measure  sea 
state.  Basically  there  are  two  cameras  looking  down  at  the  ocean  surface  and  using  these  cameras 
he  hopes  to  be  able  to  actually  measure  the  profile  of  the  ocean  surface  at  various  instants  in  time. 
He  can  make  a  motion  picture  of  the  height  profile  of  the  ocean  surface  and  the  resolution  is  of 
course  very  good.  It  is  stereo  photography. 

K.  C.  Yeh:  Thank  you  Jim.  Any  more  questions  or  comments? 
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G.  Hagn,  US:  Is  Dr.  Levy  here?  I  talked  with  her  after  her  paper  about  the  effect  of  the  critical 
angle  near  grazing  and  how  if  you  have  near  normal  incidence  the  specular  reflection  as  angle 
changes  towards  grazing  sort  of  a  plateau  dropping  off  in  diffuse  scatter  and  then  a  critical  angle 
when  shadowing  starts  to  cut  in  and  you  don't  get  anything  back.  If  she  could  comment  about  that 
critical  angle  part  if  it  would  play  back  into  her  model. 

M.  F.  Levy,  UK:  All  I  can  say  is  that  what  we're  talking  about  is  what  is  happening  for  angles 
which  are  below  the  critical  angle.  I  think  the  backscatter  below  the  critical  angle  is  caused  by  the 
capillary  waves.  What  I  don't  know  is  the  transitional  drop  between  the  diffuse  scatter  and  the 
small  roughness  backscatter.  I  cannot  explain  further  until  I  study  the  physical  reasons  for  this 
critical  angle  effect. 

M.  Vant,  CA:  Does  anyone  know  at  this  point  what  really  causes  the  sea  spikes?  Is  it  included  in 
the  two  stage  model  of  the  capillary  wave  surface  or  is  it  from  droplets  of  the  breaking  foam  which 
you  don't  include  in  your  model? 

M.  F.  Levy,  UK:  I  don't  know  for  sure  what  is  causing  them.  It  is  in  the  numerical  simulations. 
When  you  use  Pearson-Moscovit's  sea  spectrum  you  can  see  bunches  of  waves  in  the  X-band  to 
cause  spikes.  Of  course  that  is  only  numerical,  which  has  to  be  confirmed  by  measurements  to  see 
if  it  is  realistic. 

C.  J.  Baker,  UK:  I'd  like  to  make  2  com-ments.  The  first  one  is  about  sea  spikes.  It  is  not  clear 
what  the  mechanisms  are  that  give  rise  to  sea  spikes  but  they  still  appear  to  a  modulated  noise 
process  that  is  observed  in  the  data  but  still  described  by  statistical  models  that  have  been  put 
forward  to  describe  this  behavior.  I'd  also  like  to  pick  up  Dr.  Vant's  point  about  his  concern  over 
the  coherency  of  the  SeaSat  data  due  to  phase  perturbations  by  the  ionosphere.  As  we  move  to 
more  modern  radar  systems  which  have  higher  resolution  requirements  operating  from  space 
platforms  the  coherency  requirements  are  even  more  severe.  I'm  wondering  if  Prof.  Yeh  can  say 
anything  about  whether  it  would  be  possible  to  predict  when  the  coherency  of  such  a  system  may 
break  down  from  the  point  of  experiments  he  described  in  his  presentation  or  whether  its  for  the 
author  to  say  something. 

K.  C.  Yeh,  US:  The  paper  was  by  Knepp.  It  is  one  of  the  few  instances  where  the  presence  of 
the  ionosphere  irregularities  actually  helps  with  the  radar  measurements.  This  is  gener^y  grouped 
under  the  heading  of  backscatter  enhancement  that  has  been  observed  both  for  scattering  on  the 
discrete  scatterers,  the  random  surface  scatterer,  and  the  volume  scattering  case.  For  that  kind  of 
work  I  think  Drs.  Flood  and  Brown  are  intimately  familiar  with  its  progress.  It  seems  that  for  the 
ionosphere  case  there  is  experimental  evidence  which  show,  based  on  the  data  of  the  Altair  radar,  a 
3-dB  increase  in  the  radar  cross  section.  If  you  do  a  highly  mathematical  calculation  of  the  two- 
position,  two-frequency,  two-time  mutual  coherent  function  that  Knepp  calculated,  the  theory 
would  also  predict  in  the  limit  of  monostatic  radar  case  there  is  a  3-dB  gain.  Also  he  used  statistics 
to  show  that  in  the  presence  of  scintillation  the  signal  would  follow  a  Nakagami  distribution  then 
for  the  round  trip  signal  because  of  reciprocity  you  also  expect  a  3-dB  gain.  But  then  the  question 
still  can  be  rais^  what  is  the  physical  reason  for  the  3-dB  gain.  The  only  explanation  that  can  be 
given  is  that  there  is  a  focusing  effect  because  of  the  presence  of  irregularities.  The  concern  of 
coherence  of  course  has  to  do  with  temporal  correlation.  It  depends  on  how  the  radar  will  respond 
to  that.  In  this  case  he  was  averaging  the  data  over  a  few  seconds.  The  coherence  time  depend  on 
two  factors:  the  scale  of  the  irregularities  in  the  ionosphere  and  the  drift  speed  in  the  horizontal 
direction.  In  the  equatorial  region  the  ionosphere  can  drift  with  a  speed  as  high  as  100-200  meters 
per  second  in  the  evening  sector  of  the  diurnal  day.  So  that  is  the  land  of  coherence  time  you  can 
expect. 

Le  Chevalier.  FR;  J’avoue  que  ce  gain  de  3-dB  me  lalsse  un  peu  perplexe  est-ce  que  cela  slgnlfle  que 
lorsque  I'teietteur  est  un  peu  trop  falble,  U  sufflt  de  mettie  une  surface  de  mauvalse  transmission 
devant  I’antenne  pour  r€cup€rer  les  3-dB  qul  manquent?  Je  ne  comprends  pas  blen  comment  une 
d^radatkm  dans  la  propagation  peut  am61lorer  le  bllan  de  liaison  du  ^ttaie. 

K.  C.  Yeh,  US:  In  the  case  of  Dennis  Knepp  it  is  compared  with  the  case  when  there  is  no 
scintillatiwi.  So  there’s  a  3-dB  gain  there.  He  measures  the  RCS  in  per  square  meter  undw  the 
cc^tion  when  there  is  no  scintiTlation  as  well  as  when  it  is  present,  and  he  finds  that  there  is  a  3- 
dBgain.  Tire  cross  section  has  been  increased  by  a  factes' of  2. 
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M.  Vant,  CA:  Is  that  because  the  ionosphere  is  acting  like  a  lense  and  is  changing  the  gain  in  the 
receiving  aperture  to  focus  more  energy? 

K.  C.  Yeh,  US:  That  is  the  physical  reason  given  by  Dennis  Knepp. 

W.  A.  Flood,  US:  I  really  can't  answer  that  question  because  I  don't  understand  all  that  Dennis 
has  said.  But  I  think  we  can  address  something  about  the  coherence  to  the  satellite  because  a 
number  of  people,  RSRE  particularly,  and  also  within  the  US  and  DOD,  the  DNA  models  of 
propagation  through  striated  regions  all  give  rise  to  coherence  effects.  I  think  those  things  can  be 
adchressed  pretty  well.  We  have  beaucoup  data  for  that.  The  3-dB  backscatter  enhancement  is 
recorded  for  surfaces  and  for  dense  discrete  scatterers.  It  almost  always  comes  about  because  in 
the  direct  backscatter  direction  if  the  differences  in  refractive  index  from  the  dense  scatterers  from 
the  background  medium  is  strong  enough,  then  in  essence  double  scattering  can  occur.  If  we  go 
from  point  A  which  is  the  transmitter  to  an  irregularity  B  to  an  irregularity  C,  if  you  will,  and  back 
out  again  you  can  go  from  C  to  B  then  A  and  the  way  it  tends  to  work  out  for  discrete  random 
media  there  is  always  something  less  than  up  to  a  3-dB  enhance-ment,  but  it  does  require  strong 
contrast  between  the  scatterers  and  the  background  medium.  It  is  not  clear  exactly  what  Dennis  is 
seeing  when  he  sees  strong  scintillation  as  against  the  background.  I  don't  Imow  what  he  is 
measuring  in  the  absence  of  scintillation,  what  is  he  measuring  in  the  terms  of  cross  section? 
What  is  there? 

K.  C.  Yeh,  US:  The  cross  section  from  the  satellite.  The  COSMO  calibration  satellite  which  is  of 
known  diameter. 

G.  Brown,  US:  What  are  the  physics  behind  enhanced  backscattering  as  discussed  by  Knepp's 
paper?  Knepp  appears  to  be  dealing  with  what  is  termed  single  scattering  backscattering 
enhancement,  i.e.,  where  multiple  scattering  is  not  important.  This  is  related  to  the  fact  that  a  ray 
traveling  into  a  medium  can  always  come  back  along  the  backscatter  path  because  of  the  unity 
correlation  between  the  entrance  and  exit  paths  at  backscatter  only.  For  multiple  scatter,  the  cause 
of  the  enhancement  is  related  to  the  fact  that  any  multiple  scatter  path  can  also  be  traversed  in  the 
reverse  direction.  Thus,  there  are  two  ways  a  given  path  causing  backscatter  can  be  traversed. 
There  is  only  one  way  that  this  can  happen  during  bistatic  scattering. 

I  guess  I've  held  my  tongue  long  enough  on  the  backscatter  from  the  ocean,  so  let  me 
comment  on  that  too.  How  good  is  the  two-scale  model  for  rough  surface  scattering  near  grazing 
incidence?  Not  very  good.  The  approximations  upon  which  the  model  is  based  fail  near  grazing 
incidence.  Measurements  show  that  there  are  many  instances  where  of  order  unity 

which  is  totally  contrary  to  the  two-scale  model.  The  two-scale  models  so  tails  to  predict  the 
presence  of  "sea  spikes". 


SESSION  n,  TARGET  SCATTERING 

L.  C.  Oldfield,  UK:  The  session  on  target  scattering  was  dominated  by  papers  covering  radar 
cross  section  predictions  and  I  think  the  reason  for  that  is  that  computers  now  developing  are  such 
that  realistic  targets  can  be  analyzed,  particularly  with  the  availability  of  computer-aided  design 
packages,  RCS  characteristics  can  be  put  in  right  at  the  design  stage  along  with  the  aerodynamic 
ones.  Methods  for  RCS  prediction  generally  depend  on  the  electrical  size  of  the  target.  We  didn't 
hear  very  much  in  the  session  about  electrically  small  ones;  they  are  normally  handled  by  the 
moment  type  method  and  those  predicted  models  have  a  proven  record.  They  do  allow  for  all 
types  of  scattering  phenomena  but  as  you  may  be  aware  the  computer  capability  is  rapidly 
exhausted  through  that  approach.  The  target  dimensions  are  typically  of  a  few  hundred  lambda 
such  as  for  an  aircraft  at  microwave  frequencies.  The  physical  optics  techniques  are  appropriate 
and  they  were  the  subject  of  four  out  of  six  or  seven  papers  in  the  session.  Ideally  these  topics 
shoukl  be  applicable  to  electrically  very  large  targets  such  as  ships,  but  in  practice,  again  because 
of  computer  capability,  some  shortcuts  have  to  be  taken.  The  paper  by  Wendiggensen  sought  a 
less  computer-intense  method  for  large  targets.  His  collection  of  primitive  shapes  and  structures 
such  as  plates,  wedges,  cylinders  and  cemes  show  that  it  is  possible  to  construct  a  very  good 
geometrical  model  of  a  ship  and  also  to  deduce  the  RCS  by  summation  of  scattering  from  the 
various  elements.  The  noblest  aspect  of  this  work  was  the  way  in  which  rules  were  formulated 
governing  potential  shadowing  between  the  primitives.  In  any  case,  the  shadowing  should  never 
occur  so  can  And  it  out  right  at  the  beginning  of  the  problem  and  save  a  lot  of  computing  time. 
The  technique  appears  to  give  very  good  results  within  the  limitations  of  the  models  you  can  build. 
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It  seems  to  me  it  is  necessary  to  modify  the  method  if  microstructure  of  a  real  ship  is  going  to  be 
treated. 

The  paper  by  Stein  showed  that  for  flat  facets  the  physical  optics  method  coupled  with  PTD 
using  the  method  of  equivalent  currents  give  good  results  for  flat  plates.  He  demonstrated  for  a 
cylindrical  type  body  and  the  dependence  of  the  result  on  the  size  of  the  facets.  He  showed  that  the 
departure  of  die  faceted  surface  from  the  true  surface  shouldn't  be  more  than  about  lambda  by  18  at 
any  point.  He  also  demonstrated  multiple  reflections  of  the  shadowing  capabilities  and  concluded 
with  some  validation  results  on  a  periscope. 

The  paper  by  De  Leeneer  describing  the  use  of  triangluar  flat  plates  to  discretize  the  target 
uses  the  physical  optics  GTD  techniques  to  calculate  the  scattering.  In  that  case  the  geometry 
package  was  able  to  identify  special  parts  such  as  defracting  edges  and  hidden  surfaces.  Double 
reflections  can  be  treated  when  they've  been  identified  by  examining  the  gradients  of  the  facet 
normals.  Validation  was  carried  out  using  the  same  targets  as  that  used  by  Dr.  Stein. 

The  paper  by  Goupill  and  Boutillier  emphasized  the  need  for  RCS  prediction  software  to 
interface  with  CAD  systems  used  by  aerodynamicsts.  He  pointed  out  that  the  CAD  systems 
normally  available  are  not  usable  directly  for  radar  cross  section  calculations  and  some  kind  of 
interface  program  has  to  be  used  which  takes  the  geometry  and  puts  it  into  a  form  that  can  produce 
the  facets  for  the  calculations.  The  calculations  used  physical  objects  and  PTD  accounts  for  most 
of  the  effects  of  shadowing.  I  believe  about  6000  facets  had  to  be  used  to  make  a  model  of  the 
standoff  missiles  and  the  correlation  was  demonstrated  between  the  measurements  and  predictions. 
I  think  the  useful  facility  of  this  code  is  the  ability  to  select  parts  of  the  target  in  order  to  find  out 
where  the  main  scattering  areas  are,  and  it  is  also  good  to  see  the  image  plots  and  to  see  how  the 
bright  spots  from  that  varies  as  the  frequency  varies.  The  paper  by  Furini  uses  the  CAD  system, 
the  geometrical  definition,  and  the  interface  program  to  produce  a  set  of  bicubic  patches  so  that  a 
complex  target  could  be  constructed  without  discontinuities.  This  RCS  algorithm  is  able  to  handle 
shadowing  and  validation  results  were  obtained  for  an  RPV  and  also  used  on  the  EFA  metallic 
aircraft. 

None  of  the  papers  that  I've  talked  about  so  far  have  been  able  to  handle  scattering  within 
electrically  large  cavities.  So  we  come  to  the  paper  by  Pathak  with  two  methods  for  treating  the 
problem  we  outlined.  The  first  one  uses  a  dense  bundle  of  ray  tubes  coincident  upon  the  aperture 
and  the  method  then  traces  via  geometric  optics  the  evolution  of  the  rays  as  they  are  reflect^  from 
the  cavity  inner  walls  and  the  termination.  This  is  called  the  shooting  and  bouncing  ray  method, 
SBR.  The  second  approach,  called  the  generalized  ray  expansion  method,  divides  the  aperture  into 
patches  where  each  patch  acts  as  a  radiator  weighted  according  to  the  incidence  direction.  This 
seems  to  bring  the  potential  benefit  of  not  requiring  ray  tracing  to  be  repeated  for  every  instant 
direction  although  it  r^uires  more  work  at  the  start.  So  these  methods  have  been  validated  and 
compared  favorably  with  each  other. 

The  conclusion  for  the  papers  on  prediction  seems  to  be  that  all  algorithms  produced 
validated  results  for  fairly  simple  metallic  targets.  I  think  the  next  step  for  these  methods  will  be  to 
be  able  to  analyze  more  complex  targets  perhaps  to  incorporate  bistatic  scattering,  near  field 
scattering,  and  cavity  scattering  to  be  able  to  cope  with  non-conductive  materials  and  to  be  able  to 
look  at  ^ge  traveling  waves,  perhaps  even  creeping  waves.  Physical  optics  and  PTB  deal  with 
localized  scattering  perhaps  it  is  time  to  explore  other  theoretical  techniques.  All  these  prediction 
methods  depend  upon  experimental  validation.  It  is  important  that  measurement  methods  continue 
to  develop  to  meet  the  increasing  challenge  of  low  signatures. 

In  the  final  paper  by  Saget  the  need  for  measurements  of  frequencies  between  100  MHz 
and  1000  MHz  was  emphasiz^.  The  problem  of  background  clutter  at  these  frequencies  is 
significant.  He  used  hairfware  gating  and  back-to-back  ground  subtraction  and  came  up  with  a 
very  impressive  performance. 

I  think  I've  woven  my  comments  into  the  summary  of  the  papers  and  will  stop  there  for 
more  discussion. 

K.  C.  Ych,  US:  Thank  you  Dr.Oldfield.  Any  comments  or  questions  or  remarks? 

I.  DcLecneer,  BE:  I  would  like  to  conunent  on  a  question  I  had  when  I  finished  my  talk.  It  was 
about  90  dB  in  cme  of  the  curves.  At  that  moment  I  was  trapped  so  I  could  not  really  answer 
clearly.  Afto:  rethinking  I  realized  that  I  was  about  20  dB  too  high.  When  I  included  hidden  faces 
I  only  compared  the  shape  of  the  curve  and  didn't  look  really  at  the  numbers  because  I  was  not 
expming  stKih  a  problem.  I  suj^xise  I  did  some  stupid  scaling  error  and  am  very  glad  I've  had  it 
pointed  out 
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E.  Luneburg,  GE:  For  perfectly  conducting  bodies  the  foundation  of  PO  (Kirchhoff  integral) 
should  be  remembered:  removal  of  the  discontinuity  between  the  illuminated  and  the  shadowed 
region  of  the  geometrical  optics  along  the  shadow  boundary.  The  connection  with  Young's 
principle  (integration  along  the  rim  of  the  shadow  boundary)  should  be  kept  in  mind.  Reference: 
Rubinowicz:  Kirchhoffs  integral  in  the  theory  of  diffraction,  Warsaw  1920-1930  (in  German). 
PO  has  at  the  moment  no  rigorous  mathematical  foundation.  It  is  a  summation  method  in  general 
not  well  understood. 

K.  C.  Yeh,  US:  Thank  you  for  the  comment.  You  mention  about  the  techniques  so  maybe  I  can 
call  on  Prof.  Pathak  to  describe  to  us  some  of  the  progress  that  has  been  made  in  RCS  community 
in  the  US.  He  is  involved  with  the  RCS  group  in  comparing  different  numerical  techniques, 
codes,  etc. 

P.  Pathak,  US:  The  viewgraph  reinforces  what  Dr.  Oldfield  mentioned  and  also  what  Dr. 
Luneburg  commented  on.  Of  course  I  do  not  mean  for  these  comments  to  be  very  critical,  but  you 
have  to  remember  the  ray  method  more  than  the  physical  optics  method  or  the  PTD  method.  Of 
course  every  method  has  its  place  and  I  will  enter  the  discussion  after  we  go  over  some  of  these 
comments.  First  of  ail  I'd  like  to  mention  in  most  cases  the  physical  optics  approximation 
provides  a  dominant  scattering  effect .  It  looks  like  the  interest  is  also  going  in  the  direction  of 
predicting  low  cross  section.  In  that  case  we  have  to  be  concerned  with  some  other  things,  for 
instance  the  internal  factor  and  PO  modeling  that  is  used  quite  often.  It  yields  some  sort  of  facet 
noise.  This  could  be  a  problem  especially  for  low  cross  section  objects  because  the  noise  is  about 
on  the  same  level  as  the  low  cross  section  .  The  third  comment  is  that  the  physical  theory  of 
diffraction  can  be  used  to  improve  the  physical  optics  approximation  for  predicting  the  low  level 
scattering  but  we  have  to  remember  that  the  PTD  has  only  been  developed  for  edge  bodies.  In 
other  words,  the  scattering  body  has  to  have  an  edge  on  it,  furthermore  the  edge  has  to  be  directly 
illuminated.  For  the  edge  shadow  then  you  get  spurious  contribution  so  that  leads  to  an  error. 
Now  of  course  the  physical  optics  and  the  PTD  scattering  from  flat  surfaces  is  not  accurate  in  the 
grazing  angles  of  incidence  neither  are  the  ray  methods  because  that  is  where  the  edge  effects 
become  significant  and  has  not  been  studied  so  it  is  a  subject  for  further  study.  The  physical  optics 
also  gives  spurious  contribution  arising  from  the  truncation  of  the  geometric^  optics  terms  and  this 
is  exactly  the  shadow  boundary  that  Dr.  Luneburg  was  pointing  out.  If  the  current  goes  to  zero 
smoothly,  it  is  not  such  a  serious  problem.  If  the  current  goes  to  zero  abruptly,  it  creates  a 
spurious  contribution  for  one  of  the  polarizations.  This  spurious  contribution  is  like  a  spurious 
diffraction  effect  which  really  isn't  there  in  the  problem.  One  thing  that  could  be  done  is  that  the 
spurious  contribution  could  be  subtracted  out  in  the  asymptotic  method  and  indeed  this  has  been 
published  recently  in  a  paper  by  Gupta  and  Burnside  in  the  IEEE  Transaction  AP.  So  that  could  be 
used  to  improve  the  PO  solution. 

The  GTD  on  the  other  hand  or  the  UTD  which  is  the  uniform  version  of  the  GTD  can 
handle  both  edges  and  curved  surfaces  so  it  has  an  advantage  there.  The  physical  optics  and  PTB 
cannot  handle  multiple  edge  interaction  and  again  this  becomes  significant  when  you’re  looking  at 
low  cross  section.  On  the  other  hand  the  GTD  and  UTD  can  handle  such  things.  If  you  want  to 
stick  with  PTD  or  PO,  one  thing  that  could  be  done  is  you  could  do  the  multiple  interactions  using 
GTD  and  add  them  separately  to  the  PO  contribution. 

The  next  thing  I'd  like  to  comment  on  is  that  the  PO  PTD  is  required  to  integrate  over  the 
scattering  object.  Now  the  GTD  and  UTD  does  not.  However  I  want  to  point  out  you  may  have 
to  trace  rays  or  you  may  have  to  search  for  the  ray  paths  in  the  GTD  or  the  UTD  type  of  analysis 
and  that  also  could  take  time  in  certain  cases.  In  one  case  you  have  to  look  for  ray  paths  and  in  the 
other  case  you  have  to  integrate  over  a  large  body.  So,  from  my  own  personal  point  of  view,  it 
seems  like  one  of  the  most  efficient  analysis  for  scattering  may  be  possible  with  a  combination 
where  you  do  the  GTD  and  UTD  for  predicting  the  scattering  effect  in  all  directions  except  maybe 
in  those  directions  where  the  ray  method  has  a  problem  such  as  the  caustic  region.  In  that  case  you 
could  augment  the  GTD  and  UTO  in  those  special  regions  by  the  equivalent  current  method  of  the 
PTD  because  only  then  would  you  need  the  integration  in  most  small  range  effects  where  this 
might  occur. 

For  the  future  certainly  the  GTD,  UTD,  PTD  and  all  these  PDs  need  to  be  extended  to 
handle  the  grazing  incidence  to  take  care  of  the  ^gewise  phenomena.  Also  one  needs  to  study  the 
scattering  by  tips  and  by  material  coated  bodies.  This  is  going  to  be  more  and  more  important 
when  you  start  looking  at  low  cross  section  objects.  Furthermore  again  as  Chairman  Oldfield 
pointed  out,  and  I  think  ]>.  Luneburg  said  the  same  thing,  we  need  more  experi-mental  verification 


RTDI-7 


and  independent  solutions  like  solutions  to  regular  boundary  value  problems  and  for  scattering  by 
complex  bodies  to  validate  these  high  frequency  methods. 

As  far  as  the  progress  in  the  US  is  concerned  I  really  can't  make  very  specific  comments 
but  I  can  say  a  lot  of  space  companies  in  the  US  have  been  using  the  physical  optics  and  the  PTD 
type  of  approach  for  doing  the  scattering.  Some  of  them  are  using  the  planar  faceted  models.  On 
the  other  hand  others  are  going  into  the  cubic  spline  or  the  curve  patched  models  like  one  of  the 
papers  from  Italy  discussed  it.  Not  much  has  been  done  to  really  speed  up  the  integration  in  the 
physical  optics  approximation;  however,  recently  there  has  been  some  indication  that  by  using  the 
curved  patches  it  is  possible  to  reduce  your  integrals  by  an  approximate  means,  which  leads  to  a 
very  accurate  approximation  by  the  way,  to  speed  up  the  integration  so  you  get  somewhat  close 
from  solutions,  maybe  at  least  in  one  direction.  Furthermore,  you  can  also  make  those  patches 
relatively  light  so  you  don't  have  very  tiny  increments  in  dividing  up  your  original  object.  Some 
of  these  things  I  think  would  be  very  useful  when  one  looks  at  the  PTD  or  PO  now. 

Another  effort  that  is  going  on  is  to  try  to  see  if  the  people  from  various  aerospace 
companies  will  donate  their  codes.  There  is  reluctance  in  giving  out  their  codes  to  people,  but  the 
Department  of  Defense  is  trying  to  get  them  to  put  their  codes  on  the  table  and  have  them  run 
different  test  cases  so  one  could  compare  how  fast,  accurate,  and  easy  to  implement,  etc.  In 
general  not  everyone  is  up  on  trying  to  understand  uniform  ray  methods,  in  dealing  with 
pathological  problems  in  shadow  boundaries  and  caustics  so  this  may  be  one  of  the  reasons  why  it 
is  not  as  popular.  On  the  other  hand  the  PTD  is  conceptually  much  easier  to  implement.  You  do 
the  integration  and  with  the  advent  of  more  and  more  parallel  process  computers,  maybe  efficiency 
is  not  such  a  big  question.  I  still  favor  the  use  of  ray  method  for  most  of  the  aspect  angle  except 
for  those  regions  where  caustics  and  other  ray  singularities  occur. 

K.  C.  Yeh,  US:  Thank  you  Prof.  Pathak.  Gary  you  have  a  question? 

G.  Brown,  US:  Prof.  Pathak  I'd  like  to  ask  a  question  -  as  sure  as  the  sun  comes  up  tomorrow 
people  are  going  to  start  wanting  to  push  these  models  lower  and  lower  in  frequency.  Do  we  have 
a  good  handle  on  where  they  really  start  to  break  down  and  if  we  do,  do  we  know  how  to  improve 
them? 

P.  Pathak,  US:  First  of  all  if  you  look  at  the  geometrical  diffraction  type  of  solution  then  you 
know  they  are  constructed  in  terms  of  diffraction  coefficient  which  again  are  deduced  for  canonical 
problems.  To  do  that  you  start  with  a  canonical  problem  that  has  an  exact  solution  and  hope  that 
the  integral  representa-tion  can  be  evaluated  asymptotically  from  which  the  diffraction  coefficient 
can  be  extracted.  So  right  then  we  have  a  way  to  compare  where  the  diffraction  solution  will  fail, 
compared  to  the  exact  representation,  so  the  use  of  the  diffraction  coefficient  deduced  we  certainly 
need  a  test  and  figure  out  where  it  tends  to  break  down.  This  sorta  gives  us  an  indication  of  what 
you  might  do  in  a  complex  object  because  the  nice  thing  about  the  ray  solution  is  that  you  can 
always  break  up  the  tot^  scattering  contribution  from  the  complex  object  in  terms  of  those  coming 
from  flash  points  like  the  points  of  defraction,  points  of  reflection,  etc.  There  again  the  solution 
can  be  related  to  the  canonical  solution  where  the  accuracy  has  been  tested  so  you  might  have  some 
idea  where  it  could  break  down.  But  in  general  you  have  to  compare  that,  maybe  with  a  boundary 
value  problem  that  may  be  solved  rigorously,  and  make  a  further  test  with  measurements  that  are 
continually  going  on.  In  case  some  of  the  parts  of  the  object  are  electrically  small,  while  the  others 
are  large,  a  nice  procedure  would  be  a  hybred  procedure  where  you  solve  the  currents  on  the  part 
that  is  electrically  small,  using  subsection  basis  functions  in  a  moment  method  formulation,  and 
elsewhere  maybe  you  could  use  the  entire  domain  traveling  wave  type  basis  function  deduced  from 
the  geometrical  theory  of  diffraction  so  that  is  an  approach  worth  looking  at. 

K.  C.  Yeh,  US:  I  understand  there  are  people  outside  waiting  to  sweep  the  room  for  the  classified 
session  tomorrow  so  I'll  take  one  more  question. 

J.  Belrose,  CA:  A  comment  on  comments  I’ve  heard.  Dr.  Oldfield  spoke  about  wire  grid 
modeling  and  I  heard  a  comment  about  how  to  go  to  lower  and  lower  frequencies.  Well  the  way  to 
go  to  lower  and  lower  frequencies  is  wire  grid  modeling  and  radar  cross  sections  have  been 
computed  by  Canadians  for  a  ship  at  HF.  You  can  compute  the  radar  cross  section  even  up  to 
VHF  and  certainly  you  can  compute  the  radar  cross  section  fw  airplanes.  The  problem  is  that  you 
rapidly  get  out  of  computer  time  if  you  want  to  go  to  higher  and  higher  frequencies  so  the  two 
methc^  overlap  and  there  are  programs  which  I  know  nothing  about.  We  use  NEC,  the  numerical 
electro-magnetic  code  at  our  laboratory  but  there  is  GMAX  which  is  a  combination  between  the 
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geometric  theory  of  diffraction  and  plates  and  moment  method  using  wire  grid  models  so  there  are 
these  copies  of  models  out.  In  our  experience  in  modeling  ships  you  maybe  need  600  to  3000 
elements  to  properly  describe  a  ship  and  the  computing  time  goes  up  as  a  square  of  the  number  of 
elements  used.  So  if  you  are  using  VAX  750  or  VAX  3800  you  rapidly  get  up  to  the  point  where 
you're  using  thousands  of  current  elements  requiring  anywhere  from  5  to  50  hours  of  computer 
time,  so  you  in  fact  have  to  use  a  Cray  to  do  these  kinds  of  calculations  as  you  go  to  higher  and 
higher  frequencies,  but  it  can  be  done.  It  is  just  a  question  of  computing  speed.  There  are  in  fact 
on  the  market  now  computers  using  NEC  numerical  electromagnetic  code.  There  is  a  company  in 
the  US  selling  a  network  of  PCs  called  Transputers  and  you  can  operate  anything  from  a  few  up  to 
64  of  them.  The  computing  time  goes  down  as  the  number  of  computers  in  parallel  goes  up  so  the 
future  is  bright  for  computing  the  radar  cross  section  of  large  objects  at  lower  and  lower 
frequencies  using  a  technique  which  has  not  been  described  at  this  meeting. 

SESSION  IIUSIGNAL  PROCESSING  AND  S.A.R. 

K.  C.  Yeh,  US:  Now  we  go  to  session  3  which  was  chaired  by  Dr.  Klemm.  What  I'm  going  to 
do  now  is  ask  the  3  remaining  chairs  to  make  their  presentations  and  we'll  take  the  questions  at  the 
end. 

R.  Klemm,  GE:  Ladies  and  gentlemen  I  will  give  you  just  a  very  brief  presentation  of  the  signal 
processing  session.  It  is  quite  logical  after  the  session  on  clutter  and  the  session  on  target 
scattering  we  have  to  have  a  session  on  signal  processing,  a  session  which  makes  use  of  such 
models  and  theories.  We  had  in  this  session  7  papers,  one  of  them  is  concerned  with  what  you  call 
a  target,  namely  the  paper  by  Pardini  and  Piccini  who  used  Fourier  transform  methods  to  analyze 
the  Doppler  spectrum  of  the  target  returns  and  especially  in  order  to  use  the  wide  Doppler 
frequency  band  to  analyze  the  number  of  propeller  blades  for  classification  of  the  aircraft.  There 
are  a  lot  of  investigations  on  these  so-called  jet  engine  modulations  and  things  are  going  on  in 
NATO  and  also  in  various  countries. 

The  other  6  papers  are  all  concerned  with  what  we  refer  to  as  clutter  although  by  clutter  we 
do  not  mean  something  that  we  throw  away  while  the  SAR  people  don’t  throw  it  away  at  all  they 
just  want  to  image.  We  have  2  papers  of  people  who  want  to  throw  away  the  clutter,  among  them 
myself,  and  the  paper  by  Gibson  who  talks  about  adaptive  and  nonadaptive  MTI  filters  and 
compares  them  with  the  various  kinds  of  clutter  such  as  ground  inversion  and  ice  pellets.  The 
paper  by  Mr.  Ender  and  myself  is  concerned  with  the  problem  of  detecting  low  and  slowly 
moving  targets  by  means  of  a  fast  radar  such  as  a  satellite-borne  radar.  These  techniques  seem  to 
be  very  promising  so  far  only  in  theory  and  they  have  to  be  tested  experimentally.  Then  in  the 
remaining  4  papers,  one  paper  is  related  to  the  polarimetric  radar  and  is  concerned  with  a  bipolar 
HH  and  VV  radar.  As  far  as  I  remember  from  the  talk  there  is  no  significant  degradation  so  that 
some  expense  can  be  saved  in  the  radar  design.  Then  we  have  3  papers  on  SAR,  one  of  them  by 
Beaupere  and  Foulon  is  concerned  with  image  processing,  detection  of  various  kinds  of  roughness 
and  identification  of  the  broader  between  areas  of  roughness.  The  paper  given  by  Dr.  Baker  is 
concerned  with  the  dependency  of  grazing  angle  of  SAR  imagery  which  I  find  most  interesting  in 
particular  because  it  seems  to  me  that  there  is  quite  a  small  variation  of  a  few  degrees  near  the 
grazing  angle  that  has  considerable  influence  on  the  quality  of  the  image.  For  very  low  grazing 
angles  such  as  1  degree,  the  image  quality  in  general  can  be  improved.  On  the  other  hand  there  is 
the  problem  of  low  grazing  angle  shadowing  or  masking  by  terrain  and  so  there  has  to  be  a 
compromise. 

The  paper  by  Damini  and  Haslam  deals  with  the  impact  of  the  target  motion  on  spotlight 
target  by  SAR  imaging.  I  think  it  is  quite  difficult  to  draw  a  general  conclusion  out  of  such  a 
heterogeneous  session.  I  came  up  with  some  questions  which  I  have  but  before  I  ask  them  I’ll  ask 
the  floor  to  raise  their  questions. 

SESSION  IV:  POLARIMETRICS 
K.  C.  Yeh,  US:  We  go  on  to  session  4  which  was  chaired  by  Dr.  Flood. 

W.  A.  Flood,  US:  The  papers  in  the  session  I  chaired  were  of  two  kinds: 

a)  Papers  of  the  first  kind  were  concerned  with  the  recognition  of  canonical  shapes  from 
polarimetric  measurements.  As  such  they  minimized  or  ignored  the  effects  of  clutter,  noise,  and  of 
less  than  perfect  polarimetric  systems.  These  papers  seemed  to  be  driven  by  standoff  SAR 
polarimetiy  where  the  frequencies  were  in  the  microwave  region. 
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b)  The  second  class  of  papers  was  concerned  with  polarimetric  measurements  of  clutter  and 
these  papers  were  primarily  at  millimeter  wave  frequencies.  I  found  the  results  of  Dr.  Mead  to  be 
extremely  interesting  and  potentially  very  important.  He  showed  that  for  certain  classes  of  clutter 
types,  conventional  measurements  of  the  backscattered  power  for  HH,  VV,  and  HV  would  suffice 
to  approximate  the  clutter  Mueller  matrix  with  a  simple,  diagonal  matrix.  While  Dr.  Mead's 
analysis  was  tested  on  a  limited  number  of  clutter  types  at  millimeter  wavelengths,  they  may  hold 
for  clutter  at  longer  wavelengths  provided  the  clutter  characteristics  are  similar.  It  would  be  very 
worthwhile  to  make  further  checks  of  these  hypotheses  at  both  microwave  as  well  as  millimeter 
wavelengths. 


SESSION  V;  APPLICATIONS 

K.  C.  Yeh,  US:  Thank  you  Dr.  Flood.  Now  we  go  to  session  5,  Applications,  which  was 
chaired  by  Mr.  Fuerxer. 

Fuerxer,  FR:  II  m’est  assez  difficile  d’analyser  cette  session,  d’une  part  parce  qu’elle  etalt 
relatlvement  inhomogene  et  d’autre  part  parce  que  de  nombreuses  applications  seront  presentees 
dans  les  sessions  classlfldes.  J’al  essaye  de  trouver  un  point  commun  et  la  legon  a  tirer  de  ces 
exposes.  Le  point  commun  est  que  les  exposes  ont  porte  sur  des  modelisatlons;  il  faut  modeliser  la 
propagation  4  partlr  d'un  radar  sol  et  le  comportement  des  nuages  de  plule  pour  en  tirer  des 
informations.  II  faut  egalement  modeliser  les  erreurs  de  pointage  d’un  radar  a  site  bas  et 
determiner,  comme  dans  le  cas  de  I’expose  sur  la  propagation  mllllmetrlque,  les  differences  de 
comportement  des  gammes  de  frequence.  II  est  recessalre  de  modeliser  les  phenomenes  avec  une 
finesse  de  description  plus  elevee  que  celle  utlllsee  dans  le  systeme.  Je  crols  que  cela  montre 
rinterCt  des  travaux  presentes.  Dans  quelques  anntes.  falre  un  radar  simple,  n’utllisant  pas  la 
polarisation,  devra  fitre  Justlfle,  parce  que  la  cormalssance  des  phenomtoes  exlstera,  il  faudra 
expliquer  que  pour  falre  simple  et  bon  marche  on  n'a  pas  prls  en  compte  telle  et  telle  connaissance 
dcJ4  acqulse.  Il  est  essentlel  que  nous  ayons  sur  les  techniques  que  nous  utlllsons  pour  la 
caracterlstlque  des  clbles  et  du  fouillls  des  connalssances  superleures  a  celles  qul  sont  necessaires 
au  systeme  lul-m6me  pour  etre  capable  de  le  concevolr.  de  I’evaluer  et  d’en  predlre  les 
performances.  C'est  ce  que  Je  retiendral  de  ces  exposes  qul  montrent  bien  que  dans  la  diverslte  des 
applications  il  exlste  toujours  un  bescln  de  connalssances  de  base  qul  s’est  manifeste  au  long  des 
sessions  pr^cedentes. 

K.  C.  Yeh:  Thank  you  very  much.  Are  there  questions  or  comments  or  remarks  for  the  last  3 
sessions? 

G.  Hagn,  US:  I  have  both  a  comment  and  a  question.  The  processing  and  presentation  of  radar 
images  can  greatly  affect  the  ability  of  the  system  (including  an  operator)  to  detect  targets.  The 
computer  assets  for  both  real-time/near-real-time  and  off-line  processing  images  have  been  rapidly 
increasing  in  both  the  civil  sector  as  well  as  in  the  military  sector.  For  example,  computers 
developed  in  the  civil  sector  to  analyze  high-defmition  television  (HDTV),  such  as  the  Princeton 
engine  developed  by  the  David  Sarnoff  Research  Center,  can  be  used  for  off-line  processing  and 
image  enhancement  of  radar  data.  This  processing  power  opens  new  areas  for  research  in  clutter 
mitigation. 

Regarding  the  paper  by  Baker,  the  data  show  a  dramatic  change  from  4  degrees  down  to  3 
degrees  grazing  angle.  You  evidently  had  located  tlie  critical  angle  below  which  shadowing  greatly 
reduced  the  backscatter.  Your  results  were  at  one  frequency.  A  logical  extension  would  be  a 
multi-spectral  system  with  variable  incidence  angle  near  the  critical  angle  (which  probably  is  a 
function  of  frequency).  Have  you  considered  this  type  of  approach  for  the  next  step? 

C.  J.  Baker,  UK:  From  the  limited  amount  of  imagery  that  we  have  analyzed,  it  is  not  clear  where 
any  so-called  critical  angle  may  exist  and  so  at  this  stage  it  is  premature  to  extend  the  range  of 
illumination  frequencies.  This  is  something  that  could  be  considered  in  the  future. 

K.  C.  Yeh,  US:  Any  more  questions? 

R.  Klemm,  GE:  I’d  like  to  join  the  discussion  on  the  grazing  angle.  Dr.  Baker,  it  seems  from 
your  results  that  the  synthetic  aperture  radar  is  applicable  mostly  for  airborne,  stanitoff  surveillance 
or  something.  What  about  space-borne  SAR  or  other  applications  where  you  really  have  much 
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larger  grazing  angles?  I  am  talking  about  pjenetrating  unmanned  platforms  with  a  small  SAR  which 
normally  would  have  much  steeper  grazing  angles. 

C.  J.  Baker,  UK:  Again  the  effects  of  slight  changes  in  geometry  may  well  be  very  significant. 
I'm  thinking  of  examples  where  one  might  want  to  use  space-based  system  perhaps  to  do  NTI 
using  a  quasi-DPCA  technique  when  using  a  sequential  orbit  and  if  the  orbits  are  out  by  a  large 
enough  factor  then  its  going  to  increase  the  error  —  it  is  going  to  reduce  your  ability  to  remove 
clutter  to  detect  moving  targets  if  that  were  the  application  you  wanted  to  make  with  your  SAR.  In 
the  case  of  a  short-range  penetrating  type  application,  I  thirJc  it  would  be  more  difficult  to  maintain 
the  accuracy  with  which  you  can  image  in  a  given  area,  particularly  withir  a  hostile  environment, 
and  again  this  can  introduce  the  sort  of  errors  we  see.  What  I  haven't  done  in  our  analysis  to  date 
is  to  look  at  images  at  various  geometries  and  see  if  the  degree  to  which  you  observe  changes  as 
exaggerated  as  in  the  examples  that  I  showed  at  very  low  grazing  angles.  Obviously  the  effects  of 
shadowing  are  not  going  to  be  as  significant  as  in  the  cases  I  was  looking  at,  but  there  may  be 
other  effects  that  would  upset  other  potential  processing  algorithms. 

K.  C.  Yeh,  US:  We  have  come  to  the  conclusion  of  this  round  table  discussion.  I  would  like  to 
thank  all  the  session  chairs  who  served  on  the  round  table  discussion.  They  have  done  such  a 
splendid  job  in  summarizing  the  papers  that  have  been  presented  here  so  I  ask  them  to  write  up 
their  summaries  so  they  may  be  included  in  the  final  proceedings.  Thank  you  very  much.  I  would 
also  like  to  thank  the  participants  of  the  round  table. 
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LE  CENTRE  NATIONAL  DE  DISTRIBUTION  DES  ETATS-UNIS  (NASA)  NE  DETIENT  PAS  DE  STOCKS 
DES  PUBLICATIONS  AGARD  ET  LES  DEMANDES  D'EXEMPLAIRES  DOIVENT  ETRE  ADRESSEES  DIRECTEMENT 
AU  SERVICE  NA'nONAL  TECHNIQUE  DE  L’lNFORMA'nON  (NTIS)  DONT  L'ADRESSE  SUIT. 
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Les  demandes  de  microfiches  ou  de  photocopies  de  documents  AGARD  (y  compris  les  demandes  faites  aupres  du  NTIS)  doi  vent  comporter 
la  denomination  AGARD,  ainsi  que  le  numero  de  serie  de  I’ AG ARD  (par  exemple  AGARD-AG-3 1 5).  Des  informations  analogues,  idles 
que  le  litre  et  la  date  de  publication  sont  soubaitables.  Veuiller  noter  rail  y  a  lieu  w  specifier  AGARD-R-nnn  et  AG  ARD- AR-nnn  lors  ^  la 
commande  de  rapports  AGARD  et  des  rapports  consultatifs  AGARD  respectivement.  Des  references  UMiograptiiques  completes  ainsi  que 
des  r6sum6s  des  publications  AGARD  fi^rent  dans  les  jouinaux  suivants: 
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